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Executive Summary

An integrated R&D program is being conducted to study, qualify, and in some cases, develop
materials with required properties for the reactor systems being developed as part the U.S.
Department of Energy’s Generation IV Reactor Program. The goal of the program is to ensure
that the materials research and development (R&D) needed to support Gen IV applications will
comprise a comprehensive and integrated effort to identify and provide the materials data and
its interpretation needed for the design and construction of the selected advanced reactor
concepts.

For the range of service conditions expected in Gen IV systems, including possible accident
scenarios, sufficient data must be developed to demonstrate that the candidate materials meet
the following design objectives:

» acceptable dimensional stability including void swelling, thermal creep, irradiation creep,
stress relaxation, and growth;

» acceptable strength, ductility, and toughness;

* acceptable resistance to creep rupture, fatigue cracking, creep-fatigue interactions, and
helium embrittlement; and

+ acceptable chemical compatibility and corrosion resistance (including stress corrosion
cracking and irradiation-assisted stress corrosion cracking) in the presence of coolants
and process fluids.

Additionally, it will be necessary to develop validated models of microstructure-property
relationships to enable predictions of long-term materials behavior to be made with confidence
and to develop the high-temperature materials design methodology needed for materials use,
codification, and regulatory acceptance.

The major materials issues for the four primary systems being considered within the U.S. Gen
IV Reactor Program—the Next Generation Nuclear Plant [NGNP (a very high temperature gas-
cooled reactor)], the Supercritical Water Reactor (SCWR), the Gas-Cooled Fast Reactor (GFR),
and the Lead-Cooled Fast Reactor (LFR)—are described along with the R&D currently planned
to address them. Additionally, materials issues and associated R&D plans for the primary
candidate systems that may be deployed to utilize the high-temperature process heat from the
Gen IV reactors to produce hydrogen are addressed. These systems include both
thermochemical systems and high temperature electrolysis.

The majority of materials-related research within the Gen IV program is focused on NGNP,
since it is anticipated to be the first system to be deployed. Major research activities include:

» selection and qualification of graphite for core and core support structures;

+ selection and qualification of high-temperature metallic materials for use within the
primary circuit, with emphasis on the reactor pressure vessel and the intermediate heat
exchangers;

» selection and qualification of structural composites for selected reactor internals that
must withstand temperatures in excess of current metallic material capabilities;

+ examination of the effects of the environment and long-term thermal aging on candidate
materials;

+ development of the improved high-temperature design methodology for metallic
materials and components needed to meet codification and regulatory requirements;
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» support for development and modification of materials and design codes and standards
bodies; and

+ coordination with and utilization of related materials research activities being conducted
by the international Generation IV reactor community.

The other Gen IV reactor systems will take advantage of the materials research being
performed for the NGNP where it overlaps their needs, but will also conduct their own more
limited and highly targeted research. Initially this research will be primarily focused on high-
priority materials questions related to the viability of their concepts. The SCWR materials
research will initially address the question of materials capabilities to withstand the particularly
challenging effects of coolant corrosion combined with moderately high radiation doses on
reactor internals and core support structures. The GFR materials research will initially address
the combined challenges of high radiation doses and high temperatures on reactor internals and
core support structures that must be constructed from materials other than graphite to minimize
excessive moderation of the hard spectrum the concept requires. The LFR system materials
research must address the particularly difficult materials challenges resulting from a very
aggressive coolant corrosion chemistry combined with extremely high radiation doses on
reactor internals and core structures.

While the materials research needed for the nuclear hydrogen production systems will be
conducted within a separate, though related, DOE program, the Nuclear Hydrogen Initiative,
many of the materials and issues that must be addressed are similar to those within the Gen IV
Program, hence, a concerted effort is made to coordinate materials activities in both programs.
Hence, the materials challenges and planned research for the hydrogen production systems are
also included in this integrated program description. Since it is anticipated that one or more
hydrogen production systems will be deployed as part of the NGNP, the selection and
qualification of materials for both the nuclear island and the hydrogen plant must be
accomplished in the same time frame. While the specifics of the materials issues vary both with
the specific hydrogen generation concept and its individual components, the principal
challenges all relate to identifying and qualifying materials that can tolerate both the extremely
corrosive environments and high temperatures within the systems.

Lastly, it is recognized that there are several areas of materials technology that are common to
all the nuclear systems being developed. Hence, crosscutting materials tasks have been
established, where appropriate. Principal areas of technology being currently examined for
crosscutting applications include high-temperature materials, materials for radiation service,
microstructural analysis and modeling, and high-temperature design methodology.

This report is divided into two principal parts. One part is designed to provide an understanding
of the different nuclear systems being considered within the Gen IV Program with regard to the
challenges they pose to structural materials. The activities comprising the materials R&D
program that is being conducted to address those challenges is the focus of the later portion of
the report. Where credible information on materials research funding profiles is available,
assumptions are made regarding both the FY06 and future activities within the materials
research program. However, the schedules for research activities identified for out-years are
highly dependent upon levels of available resources that are largely not known at this time.
Updates on these out-year research activities and their schedules will be provided in
subsequent editions of this document.
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1.0 INTRODUCTION

The Department of Energy’s (DOE’s) Generation IV Nuclear Energy Systems Program will
address the research and development (R&D) necessary to support next-generation nuclear
energy systems. Such R&D will be guided by the technology roadmap developed for the
Generation IV International Forum (GIF) over two years with the participation of over 100
experts from the GIF countries. The roadmap evaluated over 100 future systems proposed by
researchers around the world. The scope of the R&D described in the roadmap covers the six
most promising Generation IV systems. The effort ended in December 2002 with the issue of
the final Generation IV Technology Roadmap [1.1].

The six most promising systems identified for next generation nuclear energy are described
within the roadmap. Two employ a thermal neutron spectrum with coolants and temperatures
that enable hydrogen or electricity production with high efficiency (the Supercritical Water
Reactor—SCWR and the Very High Temperature Reactor—VHTR). Three employ a fast
neutron spectrum to enable more effective management of actinides through recycling of most
components in the discharged fuel (the Gas-cooled Fast Reactor—GFR, the Lead-cooled Fast
Reactor—LFR, and the Sodium-cooled Fast Reactor—SFR). The Molten Salt Reactor (MSR)
employs a circulating liquid fuel mixture that offers considerable flexibility for recycling actinides,
and may provide an alternative to accelerator-driven systems.

A few major technologies have been recognized by DOE as necessary to enable the
deployment of the next generation of advanced nuclear reactors, including the development and
qualification of the structural materials needed to ensure their safe and reliable operation.
Accordingly, DOE has identified materials as one of the focus areas for Gen IV technology
development.

1.1 Integrated Materials R&D Program

An integrated R&D program is being conducted to study, quantify, and in some cases, develop
materials with required properties for the reactor systems being developed as part DOE’s Gen
IV Program. The goal of the National Materials Technology Program is to ensure that the
materials research and development needed to support Gen IV applications will comprise a
comprehensive and integrated effort to identify and provide the materials data and its
interpretation needed for the design and construction of the selected advanced reactor
concepts.

For the range of service conditions expected in Gen IV systems, including possible accident
scenarios, sufficient data must be developed to demonstrate that the candidate materials meet
the following design objectives:

« acceptable dimensional stability including void swelling, thermal creep, irradiation
creep, stress relaxation, and growth;

« acceptable strength, ductility, and toughness;

« acceptable resistance to creep rupture, fatigue cracking, creep-fatigue interactions,
and helium embrittlement; and

- acceptable chemical compatibility and corrosion resistance (including stress
corrosion cracking and irradiation-assisted stress corrosion cracking) in the presence
of coolants and process fluids.



Additionally, it will be necessary to develop validated models of microstructure-property
relationships to enable predictions of long-term materials behavior to be made with confidence
and to develop the high-temperature materials design methodology needed for materials use,
codification, and regulatory acceptance.

To make efficient use of program resources, the development of the required databases and
methods for their application will incorporate both the extensive results from historic and
ongoing programs in the United States and abroad that address related materials needs. These
would include, but not be limited to, DOE, Nuclear Regulatory Commission (NRC), and industry
programs on liquid-metal-, gas-, and light-water-cooled reactor, fossil-energy, and fusion
materials research programs, as well as similar foreign efforts.

Since many of the materials challenges and potential solutions will be shared by more than one
reactor concept, it is necessary to work closely with the system integration managers (SIMs) for
the individual reactor concepts to examine the range of requirements for their major
components to ascertain what the materials challenges and solutions to those will be for the
widely varying materials needs within the Gen IV Program. There will be two primary categories
for materials research needs:

« Materials needs that crosscut two or more specific reactor concepts and
- Materials needs specific to one reactor concept or energy conversion technology.

Where there are commonly identified materials needs for more than one concept, a crosscutting
technology development activity is being established to address those issues. Where a specific
reactor concept has unique materials challenges, those activities are being addressed in
conjunction with that particular reactor concept’s R&D. Examples of this category of materials
needs include reactor-specific materials compatibility issues associated with a particular coolant
and materials used within only one reactor concept, such as graphite within the VHTR [now
called the Next Generation Nuclear Plant (NGNP) in the U.S. program]. Also included in the
reactor-specific materials category are materials issues that might otherwise be considered
crosscutting, except that the schedule requirements established by one reactor are much more
pressing than schedules for the other reactors. A large portion of the materials R&D for the
NGNP will fall into this category.

The National Materials Technology Program within the overall DOE Gen IV Program has
responsibility for establishing, managing, and executing the integrated plan that addresses
cross-cutting, reactor-specific, and energy-conversion materials research needs in a
coordinated and prioritized manner. In so doing, it will be critical to work with the SIM for each
of the Gen IV reactor concepts, the National Technical Directors (NTDs) for fuel and cladding
and for energy conversion systems, and the Program Manager (PM) for Nuclear Hydrogen
Inititative (NHI) to gain a detailed understanding of their materials challenges as a basis for
developing and executing the research needed to provide the information required to select and
qualify the materials needed for their design process.

Four interrelated areas of materials R&D are generally considered crosscutting: (1) qualification
of materials for service within the vessel and core of the reactors that must withstand radiation-
induced challenges; (2) qualification of materials for service in the rest of plant that must
withstand high-temperature challenges; (3) the development of validated models for predicting
long-term, physically based microstructure-property relationships for the high-temperatures,
extended-operation periods, and high irradiation doses that will exist in Gen IV reactors; and (4)
the development of an updated high-temperature materials design methodology to provide a
basis for design, use, and codification of materials under combined time-independent and time-
dependent loadings. Materials research that has been identified for the individual reactor and



energy-conversion concepts includes materials compatibility with a particular coolant or heat-
transfer medium, as well as materials expected to used only within a single reactor or energy
conversion system, such as graphite, selectively permeable membranes, catalysts, etc. and
those materials needs that must be addressed in a time frame that significantly precedes those
in the other reactor concepts.

While the current plan addresses materials issues for all the reactors currently being examined
within the Gen IV program, the recognition that the VHTR Gen IV reactor concept will be built as
a demonstration of the NGNP by the end of the next decade will strongly drive much of the
materials research during the next seven to ten years of the program.

References
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2.0 REACTOR CONCEPTS MATERIALS REQUIREMENTS

Currently, there are only four reactor concepts that are being actively addressed within DOE’s
Gen IV Program. They are the VHTR (henceforth called NGNP), SCWR, LFR, and GFR. At the
present time, other GIF partners are addressing the remaining two Gen IV concepts, the SFR
and MSR. Consequently, only needs for the four active reactor systems will be included
explicitly within the DOE Gen IV National Materials Technology Program. Additionally, the
materials needs for NHI will be included in the overall integrated program to provide close
coordination with and minimize duplication of related reactor materials studies.

As a first step to address the crosscutting and reactor-specific materials needs for each active
reactor concept, a survey of those needs was conducted in close cooperation with each reactor
SIM. Such surveys have been performed for all active reactor concepts as well as for the NHI
nuclear hydrogen production systems.

For each system, the SIM (or NHI PM) and his staff developed as comprehensive a set of
component descriptions and their operating conditions as the level of design maturity of their
individual system concepts would allow. Based on these descriptions, a set of likely, and where
possible, bounding materials requirements were developed. These requirements were then
used to formulate a list of potential candidate materials that might have the required capabilities
and an initial program plan was developed to screen and, where possible, qualify them for
service. As the individual system materials-needs surveys become increasingly mature, their
results are being combined to update the integrated materials R&D program described herein.
This is an ongoing process and this document provides the second revision of the overall Gen
IV Reactor Materials selections and research plans.

To provide a basis for the integrated materials R&D program that has been developed, a
condensed set of system and component descriptions, along with resulting materials
requirements, based on the individual system needs studies, follows [2.1-2.6].

2.1 Materials Requirements for NGNP

The U.S. DOE has selected the VHTR design for the NGNP Project. The NGNP reference
concept is a helium-cooled, graphite-moderated, thermal neutron spectrum reactor with an



outlet temperature in the range of 850 to 1000°C and a 60-year operating lifetime. The reactor
core is currently envisioned to be a prismatic graphite block type core. However, it is feasible to
also consider a pebble-bed type of gas-cooled reactor. The final selection of a reference design
will be made in the future. The plant size, reactor thermal power, and core configuration will be
designed to ensure passive decay heat removal without fuel damage or radioactive material
releases during accidents. The initial fuel cycle will be a once-through use of very high burn-up,
low-enriched uranium.

The basic technology for the NGNP has been established in former high-temperature gas-
cooled reactor plants (e.g., DRAGON, Peach Bottom, Albeitsgemeinschaft Versuchsreaktor
[AVR], Thorium Hochtemperatur Reaktor [THTR], and Fort St. Vrain). These reactor designs
represent two design categories: the Pebble Bed Reactor (PBR) and the Prismatic Modular
Reactor (PMR). Commercial examples of potential NGNP candidates are the Gas Turbine-
Modular Helium Reactor (GT-MHR) from General Atomics (GA), the High Temperature Reactor
concept (ANTARES) from AREVA, and the Pebble Bed Modular Reactor (PBMR) from PBMR
consortium. Furthermore, the Japanese High-Temperature Engineering Test Reactor (HTTR)
and Chinese High-Temperature Reactor (HTR) are demonstrating the feasibility of the reactor
components and materials needed for NGNP. (The HTTR reached a maximum coolant outlet
temperature of 950°C in April 2004.) Therefore, the NGNP is focused on building a
demonstration plant, rather than simply confirming the basic feasibility of the concept.

Demonstration of hydrogen production may use both electricity and process heat from the
reactor. A separate program for development of efficient hydrogen production technologies is
operating in parallel with the NGNP Materials R&D Program.

The operating conditions for the NGNP represent a major departure from existing water-cooled
reactor technologies. Although a significant assortment of materials and alloys for high-
temperature applications are in use in the petrochemical, metals processing, and aerospace
industries, a very limited number of these materials have been tested or qualified for use in
nuclear reactor-related systems. Today’s high-temperature alloys and associated American
Society of Mechanical Engineers (ASME) Codes for reactor applications reach about 800°C.
Some primary system components for the NGNP will require use of materials at temperatures
above 800°C. Such use will require further assessment of existing, well-characterized materials
or selection of newer materials for which less data exists. Potential postulated accident
conditions with associated temperatures above nominal operational temperatures would dictate
the use of composite or ceramic materials within the reactor pressure vessel (RPV). The use of
structural ceramics or composites in safety-related reactor components represents a completely
new challenge to the nuclear industry.

Selection and qualification of materials for successful and long-life application at the high-
temperature conditions planned for the NGNP is the major purpose for the NGNP Materials
R&D Program. Few choices exist for metals or metallic alloys for use at NGNP conditions and
the design lifetime considerations for the metallic components may restrict the maximum
operating temperature.

Selection of the technology and design configuration for the NGNP must consider both the cost
and risk profiles to ensure that the demonstration plant establishes a sound foundation for future
commercial deployments. The NGNP challenge is to achieve a significant advancement in
nuclear technology while at the same time setting the stage for an economically viable
deployment of the new technology in the commercial sector soon after 2020.

The following assumptions are used in estimating the scope, cost, and schedule for completing
the materials R&D processes:



1. The materials R&D process will be directed and governed by the Energy Policy Act of
2005. The scope of this work will be adjusted to reflect the level of congressional
appropriations.

2. The reactor design has not been formally selected. For the purposes of this document,
the design is assumed to be a helium-cooled, prismatic, graphite block core design
fueled with tri-isotopic (TRISO)-design fuel particles in carbon-based compacts or a
pebble-bed reactor design.

3. The NGNP must demonstrate the capability to obtain a NRC operating license.
However, the licensing strategy for the NGNP has not been developed to date. In any
case, the design, materials, and construction will need to meet appropriate Quality
Assurance (QA) methods and criteria and other nationally recognized codes and
standards.

4. The NGNP is expected to be a full-sized reactor plant based on the reactor concept
selected (400-600 MWt) with a hydrogen demonstration unit sized to use at least ten
percent of the plant output process heat and/or electricity.

The demonstration plant will be designed to operate for a nominal 60 years.

Application for an NRC operating license and fabrication of the NGNP will occur with
direct interaction with one or more DOE-sponsored commercial organizations.

The objectives of the NGNP include:
Demonstrate a full-scale prototype VHTR by about 2021

2. Demonstrate high-temperature Brayton Cycle electric power production at full scale with
a focus on economic performance

3. Demonstrate nuclear-assisted production of hydrogen (with about 10% of the heat) with
a focus on economic performance

4. Demonstrate by test the exceptional safety capabilities of the advanced gas cooled
reactors

5. Obtain an NRC License to construct and operate the NGNP and to provide a basis for
future performance-based, risk-informed licensing

6. Support the development, testing, and prototyping of hydrogen infrastructures

An extensive description of the NGNP Materials R&D Plan has been recently prepared [2.1] that
documents the details and sources of the anticipated NGNP configuration and component
operating requirements. A condensed version of that information is contained within this
document.

2.1.1 NGNP Component Description and Operating Conditions

Because no pre-conceptual design currently exists for the NGNP, the GT-MHR design and the
PBMR design, developed by the GA and the PBMR Company, respectively, have been used to
provide the starting point for the NGNP design. GA and AREVA/Framatome are currently
proposing PMR designs and the PBMR Company is currently proposing PBR designs. The GT-
MHR operational requirements were used to estimate operational requirements for the NGNP
by adding estimated deltas to the GT-MHR operational requirements. Therefore, only generic
temperatures, neutronics, and conditions or features are contained in this program plan.

The environment expected for the NGNP will be very challenging for the structural materials.
The sustained operating temperature may reach 1000°C or higher in a helium atmosphere with
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a pressure of 7.5 MPa and flow velocities on the order of 40m/s. A pure helium atmosphere
would not cause environmental degradation of high-temperature materials, but the helium could
be contaminated with gaseous impurities such as CO, CO,, CH4, Hy, H2O, and O,. A reducing
atmosphere, for instance, may be quite aggressive for conventional high-temperature alloys
since they are typically designed for an oxidizing environment and designed to form a thin
protective Cr or Al oxide layer to protect the alloy from attack. High-velocity flowing gases may
also contain particulates from abrasion of the graphite or other materials in the system. A
particulate-laden, high-velocity gas also raises the potential issue of particle erosion in some
components.

To select materials for the NGNP reactor and predict their performance for a time period up to
60 years, it is necessary to identify the degradation mechanism(s) for different gas compositions
and determine the kinetics of deterioration. An environmental testing program will determine the
corrosion and oxidation performance of candidate alloys and the effect of environmental
degradation on mechanical properties. While it might be feasible to predict reactions resulting in
alteration of surface chemistry for the gas compositions of interest, the influence of high gas
velocity and particle erosion are nearly impossible to predict without appropriate high-velocity
testing.

The subsequent discussions in the following section provide information based on the PMR and
PBR conceptual designs. However, the actual conceptual design selected for the NGNP could
be different from the information noted. Therefore, the information provided should be viewed as
illustrative for the materials requirements of the NGNP.

2.1.1.1 Core Internals and Pressure Vessels
Graphite Internals.

In the PMR design, the graphite core is a right circular cylinder composed of 102 columns each
containing 10 blocks (Figure 1). The cylinder is arranged in eleven circular rings. The inner
reflector uses the first five rings; the active core uses rings six, seven and eight; the outer
reflector is composed of rings nine and ten; and ring eleven is the permanent outer reflector. On
top of the core column is a reflector block then a half height upper plenum block that caps the
column. Below the core column is a bottom reflector block then two half-height insulation
graphite blocks. Under each column is a graphite pedestal. The pedestals rest on two additional
insulation blocks (graphite or ceramic), which in turn sits on the core support floor.

The top and bottom insulator graphite blocks, upper plenum graphite blocks, and core pedestal
supports see low to negligible neutron exposure. The normal operating temperature for the
upper blocks is 500°C and 1000°C for the bottom blocks. The off-normal temperatures for the
top blocks are 1200°C and 600°C for the bottom blocks, due to a flow reversal.

Replaceable outer and inner reflector graphite blocks are placed on the inside and outside of
the core ring. The inner reflector sees the highest temperatures and fluences. Peak fluences
range from 1.8 to 6.7E20 n/cm? (E > 0.1 MeV) and 0.16 to 0.56 dpa per year. Temperatures in
the outer reflector blocks are 750°C for normal conditions and 1100°C for off-normal conditions.
Peak temperatures in the inner blocks during normal operation conditions are 850°C and
1200°C during off-normal conditions.



GT-MHR Core Internals

(Courtesy of General Atomics)
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Fig. 1. GT-MHR Core Internals.

The active core fuel blocks see the highest temperatures and fluences of all the graphite
components at 9.9E20 n/cm? or dpa of 0.82 per year. Normal operating temperatures for the
fuel blocks are approximately 1250°C, climbing to approximately 1600°C during off-normal

conditions.

The graphite internals of the PBMR are illustrated in Figure 2. The annular shaped reactor core,
which is composed of a bed of fuel pebbles, is supported by the bottom reflector and is laterally
restrained by the central reflector and side reflector. The central and side reflectors are

constructed from stacks of large interlocking (keyed) graphite blocks.
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Fig. 2. The graphite core internals of the PBMR.

The currently designated graphite grades for the PBMR core internals are SGL NGB-10 and
NGB-12. Both graphites are extruded, pitch coke graphites manufactured at SGL’s Chedde
facility in France. The pitch coke used is the same as that currently used for the production of
the United Kingdom (UK) Advanced Gas Reactor (AGR) graphite fuel sleeves, and thus there is
considerable production experience for this coke and graphite. Consideration is also being given
to grade NGB-18, a vibrationally molded graphite.

The volume average thermal flux in the core is 7.90 x 10" n/cm?s [E>1.86 eV]. The volume
average fast flux, which is more relevant since it is fast neutrons that displace carbon atoms and
cause the dimensional and property changes, is 3.26 x 10" n/cm®s [E>0.1 MeV]. Typical
lifetime fast fluences for the PBMR graphite core internals for a 35 effective full power year life
are:

* Fuel Pebbles 2.65 x 10?" n/cm? [E>0.1MeV]
 Upper reflector edge (maximum)  0.21 x 10% n/cm? [E>0.1MeV]
+ Outer reflector side (maximum) 3.85 x 10% n/cm? [E>0.1MeV]
* Inner reflector side (maximum 4.73 x 10%? n/cm? [E>0.1MeV]

+ Lower reflector edge (maximum)  0.53 x 10?* n/cm? [E>0.1MeV]

The neutron fluence to the central and side reflector is clearly very significant, potentially
necessitating their replacement during the life of the reactor. Consequently, the graphite blocks
of the central reflector and the inner side reflector are designed to be removable. The average
fuel temperature in the PBMR varies axially through the PBMR core. The fuel temperature is
~500°C at the top of the core where the coolant gas enters and increases to ~900°C at the
reactor mid plane.

The peak mean fuel temperature is ~1000°C close to the bottom of the core. The PBMR fuel
temperature is always less than 1160°C. The peak graphite temperatures under normal
operating conditions are also likely to be ~1000°C. Consequently, those areas of the core (inner
edge of the side reflector and the outer edge of the central reflector column) that experience
high temperatures (>600°C) and high neutron fluence (>3.0 x 10?2 n/cm? [E>0.1 MeV]) will
experience significant distortion due to the irradiation induced shrinkage reversal to growth.



Temperature and fast neutron fluence gradients will cause differential stresses in the core,
which will relax due to irradiation-induced creep of the graphite.

The PBMR core will also utilize carbon-carbon (Ci/C) composites. Anticipated applications
include the core lateral restraints and the hot gas outlet duct and interface components.
Moreover, C/C composites will be utilized as metal replacements in selected interface
components and for thermal expansion compensation of the core. The majority of these
applications will be in low neutron fluence areas where the only affected property will be thermal
conductivity. However, applications such as control rod cladding (if adopted) would experience
greater fluences, and thus undergo dimensional and property changes. The GT-MHR is
expected to use Ci/C composites in a similar manner as the PBMR.

Internals and Pressure Vessels- NGNP Prismatic Design.

The three main vessels in the GT-MHR design, the RPV, cross vessel (CV), and secondary
vessel (see Figure 3), represent the pressure boundary of the primary coolant. The GT-MHR
uses a closed Brayton cycle to generate electricity where helium coolant flows out of the reactor
directly through the main turbine. The helium exiting the main turbine is re-pressurized to the
inlet operational conditions and pumped through the reactor. The NGNP PMR design
operational inlet helium pressure and temperature for the reactor is less than 490°C at a
pressure of 7.4 to 8.0 MPa. The inlet helium flows between the core barrel and the RPV
maintaining the RPV at a cooler temperature than the core. Nominal operating temperature of
the RPV wall is 470°C. The helium exits the reactor core at temperatures less than 1000°C at
pressures of 7.33 to 7.93 MPa. The pressure drop across the core is ~70 kPa. Recent system
design modifications by GA have been incorporated into their H2-Modular Helium Reactor. The
prismatic core has an inlet temperature of 590°C and an outlet temperature 950°C with a
primary pressure of 7 MPa. By using bypass flow from the high-pressure helium compressor to
supplement the inlet flow in reducing the temperature of reactor pressure vessel wall, the vessel
wall temperature can be decreased from 480°C to 338°C.
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Fig. 3. GT-MHR Full Section.

Figure 3 identifies the components of the RPV. The estimated physical dimension of the RPV is
a diameter of less than nine meters with wall thicknesses between 100 mm and 300 mm. The
vessel itself can be made of welded sections of different thicknesses.
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The components in the reactor internals system other than graphite that will experience
significant radiation exposure are the core barrel, upper plenum shroud, core support floor,
upper core restraint, and the shutdown cooling system (SCS; heat exchanger) shell and tubes.
The design life of the non-replaceable core internals is 60 years. For some sub-components of
those systems where temperatures are excessive, non-metallic materials may be specified.
Relative to current light-water reactor (LWR) vessels and internals, the structures in the NGNP
will be exposed to relatively low neutron doses. However, because of the significantly higher
operating temperatures for the NGNP, the materials for most of the internal structures will not be
the same as those for the LWRs for which a vast amount of experience is available. For the
NGNP reactor internals, (depending on the specific component) normal operating temperatures
may range from 600 to less than 1000°C. The fluence for the RPV is expected to be 1E19
n/cm? fluence (> 0.1 MeV) and the dpa 0.077 for 60 years.

The optimum conditions expected for the RPV for the current commercial reactor designs and
their NGNP counterpart are shown in Table 1. Maximum accident RPV temperatures would still
reach the Table 1 values for a short time unless active RPV cooling systems are included in the
design.
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Table 1. Comparison of Nominal Parameters for Prismatic and Pebble Bed Design [Ref 2.1].

GA- Prismatic

RPV Parameter GT-MHR Prismatic NGNP PBMR NGNP PBR
Nominal Gas Outlet 850 950 1000 900 1000
Temperature (°C)
Nominal Gas Inlet 491 590 490 500 490
Temperature (°C)
RPV Normal Operating 495 350 470 300 465
Temperature (°C)
RPV Worst Case Accident 565 530 560 450 560
Temperature (°C)
Inlet Gas Pressure (MPa) 7.07 7.07 7.07 8.9 7
Outlet Gas Pressure (MPa) 7.02 7.02 7.02 8.6 6.57
RPV External Diameter 8.2 8.2 8.2 7.02 7.06
(meters)
RPV Nominal Wall 100-300 100-300 100-300 120-220 120-220
Thickness (mm)
RPV Nominal Height 23.7 23.7 24 27 19
(meters)
Maximum Radiation Fast 3x10" 1x10" 4.5x10" 3.0x10"

Fluence in the RPV in the
RPV over 60 years (n/cm?)

The cross vessel is the pressure boundary for the exchange of helium between the RPV and
power conversion vessel (PCV) (Figure 5). The outside diameter of the vessel is on the order of
2.5 meters with a thickness of less than 100 mm. The cross vessel is welded to the RPV and
PCV. To accommodate thermal expansion during operation, the PCV is allowed to slide laterally
away from the RPV. The hot helium coolant flows out of the reactor in a structural duct inside
the cross vessel and returns from the PCV on the outside of a structural duct, designated the
hot duct. The hot duct is insulated from the higher temperature helium by ceramic insulation on
the inside surface of the duct. The return helium maintains the cross-vessel wall temperature at
600°C. The hot duct only sees the pressure differential of the core across its thickness and,
protected by the insulation, only slightly higher temperatures than the cross-vessel wall. The hot
duct is welded to the core barrel at the lower core plenum outlet and is connected to the PCV by
means of a metallic bellows. The hot duct is seal welded to the metallic bellows. The bellows is
mechanically connected to the turbine inlet shroud. The fluence and dpa experienced by the
cross vessel and hot duct are the same as the RPV and core barrel where the attachment welds
are made. The fluence and dpa in the remaining portion of the cross vessel gradually decrease
to negligible values at the PCV.
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Fig. 5. GT-MHR Cross Vessel.

The power conversion vessel, (Figure 6), houses the main turbine, generator, and associated
turbo machinery and heat exchangers. The vessel is on the order of 35 meters tall with outer
diameters between 7 and 9 meters. The wall thickness is between 100 and 200 mm. The
normal operating temperature for the vessel is 200°C with an off-normal temperature of 300°C
and a design pressure between 5 and 6 MPa. The fluence and dpa seen by the PCV is
negligible. The only two components that will see the very high temperature reactor outlet
helium (<1000°C) in the PCV are the metallic bellows and a small portion of the turbine inlet
shroud.
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GT-MHR Power Conversion Unit

(Courtesy of General Atomics)
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Fig. 6. GT-MHR Power Conversion Vessel.

Core Internals — Prismatic Design.

The core support floor is a structure of concentric rings welded together with radial beams
originating from the center ring. The entire structure rests on supports forged into the lower
head of the RPV. The floor supports the mass of the graphite core, core barrel, shroud, and
upper core restraints. The structure is maintained at inlet helium temperatures and will
experience negligible neutron exposure.

The core barrel (Figure 7) is a metallic cylinder with a diameter of 6.8 to 7 meters, a height of
~14 meters and a thickness of 25 to 50 mm. The cylinder is welded to the core support floor.
The core barrel physically restrains the graphite core during earthquakes and from radial
thermal expansion during normal operations. The core barrel is centered and restrained in the
RPV by keys that fit into corresponding keyways in the reactor pressure vessel. During
operation, there is no space between the permanent graphite reflector and the core barrel; the
permanent reflector blocks remain in contact with the core barrel. The normal operating
temperature of the core barrel is about =600°C. Temperature during off-normal conditions could
reach as high as 1070°C for short periods.
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GT-MHR Core Barrel

(Courtesy of General Atomics)
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Fig. 7. GT-MHR Core Barrel

The shutdown cooling heat exchanger is located in the bottom of the core and is used primarily
for removal of heat during refueling. The system can be used for normal and off-normal heat
removal during shutdown. The upper portion is a helical tube heat exchanger in an environment
of inlet helium at 600°C mixed with the core outlet flow from the lower core plenum. The tubes
are between 12 and 19mm thick. Water flows at rates necessary to keep the water subcooled
and tube wall temperatures modest.

The last internal components are the control rods and their guide tubes. In past prismatic gas
reactor core designs, the control rods were metal tubes filled with B4C right cylinders with center
annuli as shown in Figure 8. The rods must remain straight to enable quick insertion at any time.
The control rods that see the highest fluence and temperatures reside on the inside periphery of
the core between the inner core and reflector. Normal operating temperatures reach 1050°C
with off-normal temperatures reaching as high as 1400°C. Considering the high temperatures of
these components, it is unlikely that metallic materials can be used solely and structural
composites will likely be needed. These control rods see fluences of 6.7E20 n/cm? per year with
dpa values of about 0.56 per year. These high fluences may limit the lifetime of the control rods
to less than 40 years; therefore, the fluence and dpa are given on a per year basis. Since
control rods may be changed out, the reactor lifetime (~60 years) is not limited by the life of the
control rods.
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Silicon-carbide/silicon-carbide (SiC{/SiC) composites are being considered as a candidate
material for the control rod sheath and guide tubes because metallic materials cannot withstand
the level of neutron irradiation and high temperature of 1050°C or higher found in the core. In
addition, there is evidence that SiC{/SiC composites show superior irradiation performance
compared to other thermally stable composites such as C{/C composites. Thus, SiC{/SiC
components have the potential to be lifetime components (no change-out required) within the
expected high thermal and radiation environment of the NGNP core.
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Fig. 8. GT-MHR Control Rod Concept.

Metallic Internals and Pressure Vessels - Pebble Bed Design.

The PBMR is a helium-cooled, graphite-moderated HTR, employing graphite fuel balls or
pebbles, 6 cm in diameter, with TRISO ceramic particle fuel dispersed in the pebble. The
ceramic fuel consists of a UO, kernel, (0.5mm) coated with layers of pyrolytic carbon and a
silicon carbide layer for a total diameter of .92 mm. The helium gas from the reactor outlet is
directly coupled to a gas turbine driven generator system forming a closed Brayton cycle.
Recent design changes have incorporated a single shaft design where the high- and low-
pressure compressor, the turbine, and the generator/reduction gear are driven by the same
shaft. Figure 9 shows the components inside the PBMR pressure boundary, which include the
reactor, the direct cycle power generation turbine, and high and low pressure turbo compressor
components. The generator is located outside for maintenance access.
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In the PBMR, the helium exits the bottom of the reactor at a temperature of about 900°C. The
helium then expands in the high-pressure turbine that drives the high-pressure compressor
(HPC). The helium then flows through the low-pressure turbine that drives the low-pressure
compressor (LPC). The helium then expands in the power turbine, which drives the generator.
The high-temperature helium then flows through the primary side of the recuperator where it
transfers heat to the low temperature gas returning to the reactor. The helium that passed
through the primary side of the recuperator is then cooled by means of a pre-cooler. The helium
is then compressed by the LPC and cooled in the inter-cooler. The HPC then compresses the
helium to 8.5 MPa. The cold, high-pressure helium stream then flows through the recuperator
where it is pre-heated after which it returns to the top of the reactor.

The helium enters the PBMR RPV (Figure 10) at a temperature of about 500°C through the cold
gas inlet at a pressure of about 8.9 MPa. The inlet helium flows between the core barrel and the
RPV maintaining the RPV at a cooler temperature than the core. Nominal operating temperature
of the RPV wall is 380°C. The vertical steel RPV is 27 m high with an inside diameter of 6.2 m.
The pressure vessel material is ASME SA 508/SA 533. The pressure vessel is lined with a layer
of graphite bricks. The core barrel surrounds and supports the graphite reflector. This graphite
layer serves as an outer reflector for the neutrons generated by the nuclear reaction and a
passive heat transfer medium. The graphite brick lining is drilled with vertical holes to house the
control elements. This graphite reflector encloses the core where the nuclear reaction takes
place. Helium flows through the pebble bed and removes the heat generated by the nuclear
reaction. Total height of core barrel is 22 m with an outside diameter of 5.85m.

The core barrel material is 316 stainless steel. The designs of the RPV and core barrel meet
ASME Section lll, Subsections NB and NG respectively. The Decompression Loss of Flow
Accident (DLOF) maximum temperature for the core barrel is 621°C and is covered under
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ASME Code Case N-201. The DLOF for the RPV is 450°C and is covered under ASME Code
Case N-499. The design life of this system is 40 years.

The fluences for the RPV, core barrel and reactor metallic internals are expected to be
comparable to those discussed earlier for the GT-MHR.
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Fig. 10. PBMR Reactor Unit Vessel Assembly.

2.1.1.2 Intermediate Heat Exchanger

A current NGNP requirement states that 10% of the heat from the primary loop must be able to
be diverted to the production of hydrogen. The remaining 90% will be used to produce
electricity. To accommodate this requirement, an intermediate heat exchanger (IHX) within a
pressure vessel would be employed to divert heat from the primary side of the reactor to a
hydrogen production plant. The heat exchanger needs to isolate hydrogen production plant
equipment from the radioactive contaminants in the helium coolant and prevent any backflow of
hydrogen or heat transfer fluids from the hydrogen plant back into the primary He loop. The
primary circuit IHX may be employed in either a direct or indirect cycle application. The indirect
cycle places the IHX and its pressure vessel directly between the reactor core and the power
conversion unit (PCU). The direct cycle diverts 10% of the reactor outlet gases to an IHX as a
bypass around the gas turbine.

The IHX must handle the temperatures of the heated gases exiting the reactor core. The
operational temperature of 850°C (for the GT-MHR) is near the expected regulatory limits for the
most heat resistant commercial alloys available at this time. Accident situations may take the
IHX beyond the realm of feasibility for a metallic material. For these reasons, depending on
specific NGNP design, intermetallic or ceramic heat exchange components may have to be
considered in the future, but current designs include only metallic construction materials.
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Direct Cycle Application—The direct cycle application would require a compact heat exchanger
sized for 10% of the reactor heat load to be placed inside or very close to the secondary vessel.
The turbine inlet would have a small leg diverting primary coolant to the heat exchanger. The
secondary side of the heat exchanger would contain coolant coming from the hydrogen
production plant, probably from a secondary heat exchanger. The outlet of the primary side
would re-enter the primary loop downstream of the turbine or in one of the turbine stages.

The operating pressure on both sides of the IHX is expected to be in the 6.7 to 7.1 MPa range
with the secondary pressure exceeding the primary pressure by 0.1MPa (if pressure is used to
prevent primary gas flow into the secondary system). Depressurization of the secondary side
while the primary remains hot and at pressure would create significant thermal stress within the
IHX. Membrane stresses in the IHX will also be affected, but only as a function of the IHX
design and the overall pressure differential. These off-normal stress states may challenge the
material properties at operating temperatures. The radiation fluence on the IHX is negligible
inside or immediately adjacent to the secondary vessel. A pressurized core conduction cool-
down event would push the average primary inlet temperature above 1000°C for a short period.

The primary advantages of the direct cycle IHX would be its relatively small size and the
potential of incorporating the hardware within the secondary vessel. However, the direct cycle
approach almost guarantees that a second heat exchanger will be needed to ensure isolation of
primary system contamination and potentially allow change from He to a different operating
fluid.

Indirect Cycle—The indirect cycle application would require the IHX to be sized to handle the
entire heat load of the reactor. The IHX is placed between the RPV and secondary vessel with
structural ducts between the RPV and IHX and between the IHX and the main
turbine/generator. The primary side of the IHX would see flow from the reactor and exit to the
turbo-machinery pumps, intercoolers, pre-coolers and recuperator for conditioning the gas back
to reactor inlet conditions. The IHX secondary side outlet helium would run the main
turbine/generator. The secondary balance of plant would return the helium coolant to the
secondary IHX inlet conditions using normal turbo machinery. The heat for the hydrogen plant
would be drawn from the secondary outlet of the IHX upstream of the turbine. This configuration
would isolate both the hydrogen plant and the main turbine/generator from the radioactive
contamination in the primary leg. Even though the flow rates, heat loads, and associated
component sizes would be significantly greater in this approach, the temperatures and
pressures would be comparable to those in the direct cycle configuration.

IHX Types—Three types of heat exchangers have been suggested for the IHX based on
efficiency and potential feasibility: the printed circuit, the plate and fin, and intermetallics or
ceramic open-cell heat foam. The more traditional, helical coiled tubes in a tube sheet design
may also be feasible for the indirect cycle IHX. Printed circuit heat exchangers rely on thermal
diffusion welds between plates. The plate and fin type heat exchangers use high-temperature
brazing to join the plates and seal the system. Intermetallics or ceramic heat exchangers hold
potential for the NGNP, but the required unit would be several times larger than anything
currently manufactured. Open cell graphite and intermetallic ceramic foam materials with
exceptional thermal conductivities of up to 150 W/m K have been developed recently, though
methodologies to use the thermal conductivity while retaining a pressure boundary must still be
developed.

Each heat exchanger configuration has advantages and disadvantages to consider. Of the
metallic systems, the printed circuit and plate-fin types allow the greatest surface area per unit
volume of gas to minimize size. The tube type heat exchangers are more bulky and less
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efficient, but easier to build in a manner that can handle severe thermal transients. The pressure
boundary for the printed circuit heat exchanger depends on the diffusion welds between every
layer. The plate-fin pressure boundary depends on the high-temperature brazing material and
the successful furnace brazing of an entire unit without any defects. In addition, the braze metal
must take the stresses resulting from thermal transients. Intermetallic and ceramic heat
exchangers may effectively eliminate the concerns of operating at high steady state
temperatures but have major issues arising from their inherently brittle nature coupled with the
need to handle thermal transients.

2.2 Materials Requirements for the SCWR

The currently envisioned SCWR plant design will utilize a direct power generation cycle. High-
pressure (25.0 MPa) coolant enters the vessel at 280°C. The inlet flow splits with about 70% of
the inlet flow going down the space between the core barrel and the reactor pressure vessel
(the down-comer) and about 30% of the inlet flow going to the plenum at the top of the rector
pressure vessel to then flow downward through the core in special water rods to the inlet
plenum. This strategy is employed to provide good moderation at the top of the core, where
supercritical water flowing upward through the core is at very low mass density. The coolant is
heated to about 500°C and delivered to a power conversion cycle which is similar to that used in
supercritical fossil-fired plants: high- intermediate- and low-pressure turbines are employed with
two re-heaters. The most significant factors in changing the materials needs in going from the
current pressurized- and boiling-water reactor designs to the SCWR are those associated with
the increase in outlet coolant temperature from 300 to 500°C and the chemical species of the
supercritical water.

2.2.1 SCWR Component Description and Operation Conditions

2.2.1.1 SCWR Pressure Vessel

A schematic drawing of the current vessel design is shown in Figure 11 and key vessel
dimensions are listed in Table 2. The vessel will be exposed to 280°C inlet coolant on the inside
surfaces. The outlet nozzles will be protected with insulation and/or thermal sleeves against the

full outlet temperature. However, they may operate at temperatures somewhat above 280°C.
Peak fluence of the RPV is expected to be no more than 5 x 10" n/cm? (E>0.1MeV).
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Fig. 11. Representation of the current reactor pressure vessel design.

Table 2. Reference reactor pressure vessel design for the U.S. Generation-IlV SCWR.

Parameter Value
Height 12.40 m
Design pressure 27.5 MPa (110% of nominal

pressure)

Operating temperature 280°C
Number of cold/hot nozzles 2/2
Inside diameter of shell 5.322 m (209.5in.)
Thickness of shell 0.467 m (18.4 in)
Inside diameter of head 5.337 m (210in)
Thickness of head 0.292 m (11.5in)
Vessel weight 780 mt (1.7 million Ibs)

2.2.1.2 SCWR Core and Fuel Assembly Design
The reference SCWR core design is shown in Figure 12. The core will have 145 assemblies

with an equivalent diameter of about 3.9 meters. The core barrel will have inside and outside
diameters of about 4.3 and 4.4 meters, respectively.
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Fig. 12. Sketch of the reference SCWR core.

The reference SCWR fuel assembly design is shown in Figure 13 and the relevant dimensions
are listed in Table 3. It may be necessary to insulate the water rod moderator boxes to retain a
sufficient moderator density, as well as portions of the vessel internals supplying water to the
core. The reference fuel pin dimensions are listed in Table 4.

Fuel rod 300

Control rod
Water rod

Fig. 13. The SCWR fuel assembly with metal water rod boxes.
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Table 3. Reference fuel assembly design for the U.S. Generation-lV SCWR.

Parameter Value
Fuel pin lattice Square 25x25 array
Number of fuel pins per assembly 300
Number of water rods per assembly 36
Water rod side 33.6 mm
Water rod wall thickness 0.4 mm (plus insulation if needed)
Number of instrumentation rods per assembly 1
Number of control rod fingers per assembly 16
Active control rod materials B,C for scram, Ag-In-Cd for control
Number of spacer grids 14 (preliminary estimate)
Assembly wall thickness 3 mm (plus insulation if needed)
Assembly side 286 mm
Inter-assembly gap 2mm
Assembly pitch 288 mm

With the exception of the plenum length and fill pressure, the fuel pin dimensions are typical of
17 by 17 pressurized water reactor (PWR) fuel assembly pins. However, the fuel pin pitch is
considerably smaller than the pitch used in LWRs. The U-235 enrichment and the Gd;O3
loading and fuel burnup are typical of the values used in high burnup LWR fuel.

Table 4. Reference fuel pin dimensions for the U.S. Generation-IlV SCWR.

Parameter Value
Fuel pin outside diameter 10.2 mm
Fuel pin pitch 11.2 mm
Cladding thickness 0.63 mm
Heated length 427 m
Fission gas plenum length 0.6m
Total fuel pin height 4,66 m
Fill gas pressure at room 6.0 MPa
temperature

2.2.1.3 SCWR Pressure Vessel Internals

The important RPV internals include the lower core support plate, the core former, the core
barrel, the upper core support plate, the calandria tubes located immediately above the upper
core support plate, the upper guide support plate, the hot nozzle thermal sleeve or insulation,
and the control rod guide tubes. The location and approximate shape of most of these
components is shown in Figure 11.

Some of these components, including the lower core support plate and the control rod guide
tubes in the upper head, will be subjected to normal PWR coolant temperature conditions and
will be similar to the components typically used in PWRs. However, a number of the RPV
internals, including the core barrel (or possibly the core former), the upper guide support plate,
the calandria tubes, and the RPV hot nozzle sleeve, will be in contact with water at the inlet
temperature at 280°C on one side and water at the hot outlet coolant at a temperature of 500°C
on the other side.
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2.2.1.4 SCWR Power Conversion System

The reference SCWR system will have a power conversion cycle that is very similar to a
supercritical coal-fired plant, with the boiler replaced by the nuclear reactor. The cycle is based
on a large single-shaft turbine with one high-pressure/intermediate-pressure unit and three low-
pressure units operating at reduced speed (1800 rpm). The steam parameters at the high-
pressure/ intermediate-pressure unit inlet are 494°C and 23.4 MPa, well within current
capabilities of fossil plants. Similarly to traditional light water reactor (LWR) cycles, a moisture
separator-reheater module is located between the high-pressure/intermediate-pressure and the
low-pressure turbines, and reheating is achieved with live nuclear steam. Heat rejection occurs
in traditional natural-draft cooling towers. Eight feedwater heaters raise the condensate
temperature to the reactor inlet level of 280°C. The main feedwater pumps are turbine-driven
and operate at about 190°C. There are two steam lines with outside diameters of 0.470 m (18.5
in.) and inside diameters of 0.368 (14.5 in.).

2.3 Materials Requirements for the LFR

LFR systems are Pb or Pb-Bi alloy-cooled reactors with a fast-neutron spectrum and closed fuel
cycle. Options include a wide range of plant ratings, including a long-refueling-interval
transportable reactor modules ranging from 10—100 MWe, multi-module systems from 300-500
MWe, and a large monolithic plant at 1200 MWe. These options also provide a range of energy
products. The current focus of the U.S. program is on transportable reactor module concepts
that are small factory-built turnkey units operating on a closed fuel cycle with a very long
refueling interval (15 to 30 years) cassette core or replaceable reactor module. It is envisioned
that future evolution of the technology could lead to larger central station power plants as they
are needed.

The Lead-Cooled Fast Reactor (LFR) is proposed to meet all of the Gen IV goals of: i) Non-
Proliferation; ii) Sustainability; iii) Safety and Reliability; and iv) Economics. Two key technical
aspects of the envisioned LFR that offer the prospect for achieving these goals are the use of
lead (Pb) coolant and a long-life, cartridge-core architecture in a small, modular system
intended for deployment with small grids or remote locations. The Pb coolant is both a poor
absorber and a poor moderator of fast neutrons and enables the traditional sustainability and
fuel cycle benefits of a liquid metal-cooled fast spectrum core to be realized. Lead does not
interact vigorously with air, water/steam, or carbon dioxide eliminating concerns about
exothermic reactions. It has a high boiling temperature (1740°C) such that the prospect of
boiling or flashing of the ambient pressure coolant is realistically eliminated.

2.3.1 LFR Component Description and Operation Conditions

LFR-SSTAR System Description [2.4, 2.7]

The LFR currently being studied in the U.S. Gen IV Program is the Small Secure Transportable
Autonomous Reactor (SSTAR) concept, which is a small modular fast reactor. The main
mission of the 20 MWe (45 MWt) SSTAR is to provide incremental energy generation to match
the needs of developing nations and remote communities without electrical grid connections.
This represents a niche market within which costs that are higher than those for large-scale
nuclear power plants are competitive, and allows development of LFR technology on a smaller,
simpler and lower total cost basis. Design features of the reference SSTAR include a 20-to-30-
yr-lifetime sealed core, a natural circulation primary, autonomous load following without control
rod motion, an internal heat exchanger (HX), and use of a supercritical carbon dioxide (S-CO,)
energy conversion system. The incorporation of inherent thermo-structural feedbacks imparts
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walk-away passive safety, while the use of a sealed, cartridge core with a 20-year or longer
cycle time between refueling imparts strong proliferation resistance. A schematic view of the
reactor is shown in Figure 14.

ST

Fig. 14. Schematic view of SSTAR LFR with natural circulation [2.8].

SSTAR utilizes transuranic nitride fuel enriched to nearly 100% in N'® in a compact core. Heat
is removed from the core and transported to in-vessel Pb-to-CO, heat exchangers by single-
phase natural circulation of the Pb coolant — the need for main coolant pumps is eliminated.
The fast spectrum core with nitride fuel and Pb coolant has strong reactivity feedbacks that
enable autonomous load following and provide passive power shutdown in the event of loss-of-
normal heat removal. The core has a long lifetime/refueling interval of 20 years during which
access to the core is restricted providing proliferation resistance; the transuranic fuel is self
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protective in the safeguards sense. The Pb coolant and nitride fuel provide for enhanced
passive safety whereby the core and in-reactor heat exchangers remain covered by ambient
pressure single-phase primary coolant inside the reactor vessel and single-phase natural
circulation removes the core power under all operational and postulated accident conditions.
The reference SSTAR reactor system is coupled to a supercritical carbon dioxide gas turbine
Brayton cycle power converter that enables potential improvements and cost savings over the
traditional Rankine saturated steam cycle including higher cycle efficiency at temperatures
attainable with Pb primary coolant and nitride fuel (650°C peak cladding temperature and 561°C
core outlet temperature for a 405°C inlet temperature) as well as a smaller plant footprint with
simpler secondary side components. Operating conditions for the SSTAR reactor are listed in
Table 5.

Table 5. SSTAR Operating Conditions

Power, MWe (MWH1) 20 (45)
Reactor Vessel Height, m 18.3
Reactor Vessel Outer Diameter, m 3.23
Active Core Diameter, m 1.02
Active Core Height, m 0.80
Active Core Height-to-Diameter Ratio 0.8
Fuel Volume Fraction 0.55
Fuel Pin Outer Diameter, cm 2.7
Fuel Pin Pitch-to-Diameter Ratio 1.096
Core Hydraulic Diameter, cm 0.876
Cladding Thickness, mm 1.0
Fuel Smeared Density, % 85
HX Tube Height, m 6.0
HX Tube Outer Diameter, cm 1.4
HX Tube Inner Diameter, cm 1.0
HX Tube Pitch-to-Diameter Ratio 1.302
HX Hydraulic Diameter for Pb Flow, cm 1.22
HX-Core Thermal Centers Separation Height, m 12.2
Peak Fuel Temperature, °C 1009
Peak Cladding Temperature, °C 650
Core Outlet Temperature, °C 561
Maximum S-CO, Temperature, °C 541
Core Inlet Temperature, °C 405
Core Coolant Velocity, m/s 0.948
Pb Coolant Flowrate, Kg/s 1983
CO, Flowrate, Kg/s 245
CO; Mass in Brayton Cycle, Kg 8737
S-CO; Brayton Cycle Efficiency, % 43.8
Plant Efficiency, % 43.4

The SSTAR reference reactor system fits inside of a reactor vessel that is about 18 m tall and
3.2 m in diameter; small enough to be transported either by rail or barge. The compact ~1.0 m
diameter/0.8 m height active core is located near the bottom of the vessel. Large diameter (2.7
cm) fuel pins are arranged on a triangular pitch. The core is not composed of individual
removable assemblies but is a single proliferation resistant cassette that can be accessed only
when refueling equipment is brought to the site at the end of the core lifetime. The fuel pins
consist of nitride (enriched to nearly 100% N'°) pellets thermally bonded by molten Pb to the
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silicon-enhanced F/M stainless steel cladding. A short fission gas plenum (about one-fourth of
the active core height) is provided at the top of each fuel pin. The molten Pb coolant flows
upwards through the core and the overlying riser region inside of a cylindrical shroud. Near the
free surface at the top of the Pb, the coolant enters modular Pb-to-CO, heat exchangers located
in the annulus between the shroud and reactor vessel to flow downwards over the exterior of
double-walled tubes containing the upwards flowing CO,. The Pb continues through the
downcomer region beneath the heat exchangers and enters the lower plenum below the core
where a flow distributor tends to equalize the pressure at the core inlet. The Pb flow is driven
solely by natural circulation — key is the low core pressure drop reflecting a large coolant
hydraulic diameter and short fuel pin height. The Pb coolant enters the core at 405°C (providing
adequate margin above the Pb freezing temperature of 327°C) and exits the core at a 561°C
mixed mean outlet temperature. The maximum temperature at the cladding inner surface is
650°C. Corrosion control is maintained through the formation and maintenance of protective
oxide (Fe3O4 at lower temperatures) layers upon the steel structural surfaces through
maintenance of the dissolved oxygen potential in the Pb coolant. Shutdown rods provide for
startup and shutdown while compensation rods offset small reactivity changes during the 20-
year core lifetime; control rods are not needed to effect power changes during autonomous load
following due to the strong reactivity feedbacks of the fast spectrum core.

The reactor vessel is surrounded by a guard vessel. The exterior of the guard vessel is
passively cooled by upward flowing air driven by natural convection; passive air-cooling
provides for emergency heat removal in the event that neither the normal operational nor
shutdown heat removal paths are available. The reactor system is coupled to a S-CO, power
converter. Supercritical CO, at 20 MPa pressure is heated to 541°C in the in-reactor Pb-to-CO,
heat exchangers. It expands to about 7.4 MPa in a remarkably small turbine that drives the
generator and then passes through two recuperators (a high temperature recuperator followed
by a low temperature recuperator) where a portion of the remaining thermal energy is extracted
to preheat the compressed CO, that is returned to the in-reactor heat exchangers. Upon exiting
the low temperature recuperator, about 67% of the CO, passes through the cooler where heat is
rejected from the cycle and the CO, is cooled to 31.2°C, compressed in a small compressor to
20 MPa, and preheated in the low temperature recuperator. The remaining 33% of the CO, is
directly recompressed in a second compact compressor and merged with the other flow stream
between the low and high temperature recuperators. This flow split/merge approach is
necessitated by the significantly greater specific heat of the higher pressure CO; over the
temperature range of the low temperature recuperator. The recuperators and cooler incorporate
Printed Circuit Heat Exchangers (PCHEs) to further reduce component volumes. The cycle
efficiency of 44% provides about 20 MWe of electricity for 45 MWt of core thermal power. The
SSTAR reactor with S-CO, energy conversion is shown in Figure 15.
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Fig.15. Schematic lllustration of SSTAR Coupled to the S-CO, Brayton Cycle Showing
Normal, Shutdown, and Emergency Heat Transfer Paths.

Off normal transients have not been analyzed in detail, but the LFR design has fairly low power
density, and very high coolant thermal capacity. Thermal transients will be rather slow and will
have very modest peak temperatures.

Near-term LFR systems are limited by material performance to outlet temperatures of about
550-600°C. Both Pb and Pb-Bi are coolant options for this reactor: Pb having potential for
reduced corrosion, but limiting core AT, and Pb-Bi providing more temperature flexibility but
raising issues of increased Po-210 and corrosion due to Bi. The favorable properties of Pb
coolant and nitride fuel, combined with development of high temperature structural materials,
may extend the reactor coolant outlet temperature into the 750-800°C range in the long term,
which is potentially suitable for hydrogen production and other process heat applications. In this
option, the Bi-alloying agent in the coolant is eliminated. Such higher temperature options would
require new materials, coolant technology and fuel development, and are not currently being
pursued in the near-term US R&D program.

2.3.1.1 LFR Reactor Vessel

The LFR working design reactor vessel is an 18-meter high cylinder about 3 meter in diameter.
Internal pressure is low, with the liquid lead coolant operating at near atmospheric pressure.
However, the weight of the lead coolant can result in significant mechanical stress in both the
vessel wall and in the support ring from which the vessel hangs down into a dry-well. There is a
close fitting guard vessel outside the reactor vessel that must catch and hold the coolant load in
event of loss of primary boundary integrity. All penetrations are in the vessel head, which is
more readily inspected and replaced than the vessel itself.

28



With annular down-flow of coolant out of the heat exchangers, most of the vessel will operate
near the core inlet temperature of about 400°C, while upper portions of the vessel and head
may operate nearer the 560°C outlet temperature. It is not yet known how large a fast neutron
fluence the vessel will experience but it should be fairly high. There is a reflector around the
active core, and the potential for neutron and thermal shielding between the reflector and the
downflow plenum that will reduce neutron fluence on the vessel to moderate levels. The current
candidate materials for the vessel include the same F/M steels used in the core internals,
namely HT-9 or T-91, probably with composition modified for improved corrosion resistance in
Pb or lead-bismuth eutectic (LBE) coolants. Low alloy steel clad with these materials are also
possible candidates. Finally, if fast neutron fluence is low enough, austenitic steels might be
considered.

2.3.1.2 LFR Vessel Internal Components

LFR core internal components include the reflector, core hold-down fixture to keep the core from
floating in the coolant, flow plenums and control rods, drives and channels. These components
will operate in the 400-600°C range. They must also withstand high fast neutron fluences in the
100-200 dpa range. Mechanical stress will be moderate, limited by component design.
Candidate materials include F/M steels HT-9 or T-91, probably with composition modified for
improved corrosion resistance in Pb or LBE coolants.

2.3.1.3 LFR Fuel and Cladding

LFR fuel is being investigated in the Advanced Fuel Cycle Initiative (AFCI) program. The
working design is based on nitride pellets (uranium, plutonium and minor actinides) in clad fuel
pins built into a monolithic structure without separately removable assemblies. The thermal-
mechanical response of the core structure is an important part of the autonomous control of the
reactor. Candidate materials include F/M steels HT-9 or T-91, probably with composition
modified for improved corrosion resistance in Pb or LBE coolants.

The fuel cladding is the most demanding material issue for the LFR. These challenges to the
cladding include:

+ The highest temperatures of any non-fuel material, with a peak of 650°C

« The highest fast neutron fluence, currently set by design limit at 4X10% n/cm?

* High stress from fission gas build up, currently set by design limit and creep properties
+ The need for 20-30 years high reliability in flowing liquid Pb.

The cladding performance demand differs from traditional reactors due to the unique features of
the SSTAR concept. The cladding must last through the long-core-lifetime. The fuel is not
amenable to inspection. Further, significant fuel failure will require premature replacement of
the entire core cartridge (or reactor).

Candidate LFR cladding materials include F/M steels HT-9 or T-91, or oxide dispersion
strengthened F/M steel, all with composition modified for improved corrosion resistance in Pb or
LBE coolants. The oxide dispersion strengthened (ODS) F/M steels are attractive for improved
creep resistance, but bring complications in fabrication and uncertainties in long-term irradiation
performance. Modifications for corrosion resistance that are being investigated include
composition change, such as increased Si to stabilize dense surface oxides, surface treatment,
and functionally graded coatings. Austenitic stainless steels with compositional tailoring for
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irradiation-induced swelling resistance could also be candidates. Recent studies have indicated
that their corrosion resistance may be superior to F/M steels.

2.3.1.4 LFR Heat Exchangers/Steam Generators

The LFR SSTAR working design uses compact heat exchangers inside the reactor vessel with
lead primary coolant on one side and S-CO; on the other. This results in a large pressure
differential, and resulting high stress in the exchanger materials. Operating temperature covers
the 400-560°C range. In the event of a heat exchanger leak, analysis indicates that CO,
bubbles rise in the coolant faster than the downflow rate, and that the core would respond safely
to bubble passage. Candidate materials include the same F/M steels, with modifications, as for
cladding and other core components. If neutron fluence is sufficiently low at the heat
exchangers, it is possible that austenitic steels could be considered.

Other LFR concepts may use a steam cycle instead of S-CO,, resulting in either steam
generators or secondary loop heat exchangers internal to the vessel, or a loop design with
penetrations in the vessel wall for primary coolant circulation to external steam generators.

2.3.1.5 LFR Energy Conversion

The LFR SSTAR working design uses a S-CO; Brayton cycle. The materials needs for this will
be the same as for other S-CO, systems under consideration in the energy conversion cross-cut
area, with the addition of compatibility with liquid Pb at up to 560°C.

2.4 Materials Requirements for GFR

The GFR system features a fast-spectrum, gas-cooled reactor (Figure 16) and closed fuel cycle.
The GFR reference design is a helium-cooled system operating at 7 MPa with an outlet
temperature of 850°C that utilizes a direct Brayton cycle turbine for electricity production and
provides process heat for thermochemical production of hydrogen. Through the combination of
a fast-neutron spectrum and full recycle of actinides, GFRs will be able to minimize the
production of long-lived radioactive waste isotopes and contribute to closing the overall nuclear
fuel cycle.

Two alternate system options are currently being considered. The first alternate design is a
helium-cooled system that utilizes an indirect Brayton cycle for power conversion. Its
secondary system utilizes S-CO; at 550°C and 20 MPa. This allows for more modest outlet
temperatures in the primary circuit (~600-650°C), reducing fuel, fuel matrix, and material
requirements as compared to the direct cycle, while maintaining high thermal efficiency
(~ 42%). The second alternate design is a S-CO; cooled (550°C outlet and 20 MPa), direct
Brayton cycle system. This further reduces temperature in the primary circuit, while
maintaining high thermal efficiency (~ 45%), potentially reducing both fuel and materials
development costs as compared to the reference design, and reducing the overall capital
costs due to the small size of the turbomachinery and other system components.
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Fig. 16. The gas-cooled fast reactor concept.

Much of the GFR balance of plant will be able to utilize materials being evaluated or qualified
for the NGNP, though a number of items specific to the operation of the GFR will need to be
evaluated. The largest materials challenge for the GFR, however, will be to select and qualify
materials for the core and reactor internals structures, since graphite use will be severely
restricted due to its heavy moderation of the neutron spectrum. Use of alternate, neutronically
acceptable materials must be demonstrated at the high GFR temperatures and very high
neutron exposures that are also compatible with the coolants envisioned.

Key in-core structures include: plate/block type composite fuels with casing/hexagonal
canning and gas tubing, solid solution pellet fuel clad and wrapper, and particle basket
designs. Materials must be qualified for the fuel and cladding as well as for supporting
structures and subassembly structures for control rods and reflectors. The key out-of-core
structures include the core barrel and hot gas duct, core support components, the reactor
vessel and cross-vessel components. These components choices are highlighted in Figure
17.
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Core structural materials

-Particles concept: Basket & supporting structures

-Composite concepts: Hex.canning (block)
& casing (plate)

-Solid solution fuel concept: clad & wrapper

-Other structures: reflectors & control rods

' ‘
|
Composite Ceramics

Fuel Element Core Lay-out

Block

Internal & vessel structures

-Gas duct barrel & hot gas duct
-Reactor vessel & cross vessel

-Core support components

Fig. 17. Main components of the gas-cooled fast reactor concept.
More details on the GFR reactor designs and associated materials requirements are provided in
a recent report by Kevan Weaver, et al. [2.5] A summary of target design parameters for the

reference GFR system is given in Table 6. Alternate designs include the He-cooled, indirect S-
CO;, cycle and the indirect S-CO,-cooled, direct cycle systems that were mentioned previously.

Table 6. Target design parameters for the reference GFR system.

Reactor Parameters Reference Value

Reactor power 600 MWt

Net plant efficiency (direct cycle helium) 42%

Coolant inlet/outlet temperature and 490°C/850°C at 7 MPa, 312.4 kg/s
pressure/Helium flow rate

Core structures temperatures (normal 500-1200°C

operations)

Transient temperature in accident 1600-1800°C

conditions

Out-of-core structures 440-850°C, low irradiation exposure,

mechanical loading < 50-60 MPa and
high useful life (400000 h)

Average power density 50-100 MWt/m3

Reference fuel compound UPuC/SiC (50/50%) with about 20% Pu
content

Volume fraction, Fuel/Gas/SiC 50/40/10%

Conversion ratio Self-sufficient (BR~0)

Burnup, Damage (initial values) 5% FIMA; 80 dpa
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The goal of the current materials R&D plan being developed for the GFR is to examine those
materials issues that are expected to potentially limit the viability of the overall system, such as
neutronically acceptable core and reactor vessel internals materials. Since detailed component
designs, particularly for the reactor core and internals, are unavailable at this early stage in the
GFR system design, much of the materials research identified in this plan will focus on
identification and viability of materials that meet the conditions that will likely envelop specific
components. Where component designs are relatively more mature, such as for the reactor
pressure vessel, more specific research tasks are identified.

Considering that many of the materials issues faced by the GFR, outside of the core region, are
similar to those for the NGNP that is being developed on a significantly more rapid time scale
than the GFR, it is being assumed that any relevant materials R&D performed for the NGNP wiill
be available and hence will not be repeated within the GFR materials R&D plan. The resulting
GFR materials scoping R&D plan contained herein is designed to provide the information
needed on capabilities of current materials or those that can developed in time to allow a
decision on the overall viability of the GFR system concept by 2010. Potential showstoppers will
be identified and resolved. The information generated during this stage of the R&D is sufficient
for the conceptual design of a prototype. It is not sufficient for the final design of the plant. The
extended research required to provide the extensive data bases needed to qualify the candidate
materials identified during the GFR materials scoping studies, detailed in this document, will be
addressed at the conclusion of these studies and after the decision to proceed to the design
phase has been made.

2.4.1 GFR Component Description and Operating Conditions
2.4.1.1 Operating Conditions for Nonmetallic Core Components and Reactor Internals

Ceramics are being considered for in-core application in the GFR primarily due to their retention
of high-temperature properties. Components for which ceramics are the likely option include the
reflector, control rod guides, and the upper and lower support plates. Estimates of the
temperatures for the various components for each of the design types are provided Table 7, and
range from as low as 300°C to as high as 1000°C. The temperatures listed could change based
on the materials used, the effectiveness of the decay heat removal system, and the core design.
For all cases, the expected neutron dose is quite high, exceeding 100 dpa. The wide range in
service temperatures will require likely require the use of several different materials as the
radiation resistance of ceramic and ceramic composite materials is strongly affected by
temperature of service.

2.4.1.2 Operating Conditions for Metallic Core Components and Reactor Internals

The main core components and their estimated operating conditions are summarized in Table 7.
Three different designs will need to be considered as described earlier: the reference design
(He direct), alternate design 1 (He/CO; indirect), and alternate design 2 (S-CO, direct). Because
the outlet temperatures vary by 300°C, the structural materials in these three designs will
experience substantially different temperatures. Therefore, the candidate materials for specific
components in each design will differ in specific cases.

There are several distinct possibilities for the core design. These include the prismatic design
where the core is constructed of blocks that incorporate the fuel. Other designs call for more or
less conventional rods or plates that clad the fuel or for pebble bed arrangements contained
within a core supporting basket-like structure. Control rods and associated sheaths or guides
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are additional in-core components that must be considered. The configurations of in-core
structures will be quite different depending on the design chosen. However, all have in common
the need to perform under approximately the same high fast neutron fluxes and high
temperatures.

The main in-vessel structures outside the core region are the gas duct barrel, hot gas duct, grid
plate, upper and lower core support components and thermal insulation. Again, three different
designs will need to be considered as described above. Relative to the NGNP, some of the
components in the GFR will experience higher temperatures, especially under off-normal
conditions. The GFR core barrel, for example, is currently estimated to operate at temperatures
up to 850°C, while that for the NGNP is 600°C. For off-normal conditions, the corresponding
temperatures are 1200 and 1070°C, respectively. As shown in Table 7, the normal operating
and off-normal temperatures decrease from the reference design to the He/S-CO, indirect
design and further decrease to the S-CO, direct design. The S-CO, design, however, presents a
different set of compatibility issues with the use of supercritical CO, as the coolant. For the
reference design and the He/S-CO, design, the most significant demands placed on the reactor
internals are the temperatures at which they will be required to operate and the radiation doses
to which they will be exposed. For the S-CO, design, the radiation doses and exposure to the
supercritical CO, are the most significant operational parameters.

2.4.1.3 Operating Conditions for Reactor Pressure Vessel

The reactor pressure vessel system envisioned for the GFR is similar in many respects to that
of the NGNP. It will comprise a large RPV containing the core and internals, a second large
vessel for power conversion containing the main turbine, generator, and associated turbo
machinery and heat exchangers, and a pressure-containing CV joining the RPV and the PCV. A
summary of the anticipated operating conditions for the pressure vessel system is provided in
Table 7. Reference [2.1] provides the relevant material needs for the NGNP pressure vessel.
The NGNP materials report describes candidate pressure vessel material for lower (850°C
outlet) and higher (up to 1000°C outlet) gas-cooled systems. The outlet temperature envisioned
for the GFR is 850°C. It is noted that the preliminary RPV size for the GFR indicates a smaller
diameter and smaller height than that for the NGNP, while the thicknesses are also less, except
in the case of the S-CO, design for which the RPV will need to be appreciably thicker than the
NGNP vessel. The vessels will be exposed to air on the outside and either helium or
supercritical CO, on the inside. The materials tentatively selected for gas-cooled RPV service
are low-alloy F/M steels, alloyed primarily with chromium and molybdenum. The most
significant demands placed on the RPV system are the temperatures at which they will be
required to operate. Although the currently envisaged operating and off-normal conditions are
shown in the Table 7, there are uncertainties regarding the actual temperatures and times,
loads, load-time history, time-temperature-load histories, and the temperature and neutron flux
gradients through the RPV wall, especially for the S-CO, design. Moreover, there is no current
estimate for fatigue cycles for the RPV system, although the estimate for the NGNP is for about
150 cycles plus hydrogen cycles for a total of about 600 small cycles. It is recognized that the
normal operating temperatures for the RPV system are dependent on the capabilities of the
materials of construction. Thus, an iterative approach will be required to eventually match the
limiting material capabilities and the design operating conditions.
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Table 7. Normal and off-normal conditions for GFR vessel, core, and internals.

Component [ Design Option Normal Conditions Off-Normal Conditions
Temperature | Peak Dose Temperature Notes
Fuel Matrix- He direct 1200°C Up to 1800°C
Cladding He/S-CO, 1520
S |Cng|rzct 1000°C dpalyr, total Up to 1600°C
-CO, direct 60 dpa
> It may be possible to use metals in
900°C 1100 - 1500°C the core, depending on configuration.
Spac\;\elzrs/Wire He direct 490-1000°C 15.20 Up to 1600°C
rap _ i
He/S-CO, | 300.800°C |dpaiyr, total \
indirect 60 dpa Up to 1400°C
S-CO, direct | 400-700°C 900 - 1300°C
Fuel He direct | 490-1000°C Up to 1600°C
Subassembly He/S-CO, 300-800°C | d 15-20
N - palyr, total .
indirect 60 dpa Up to 1400°C
S-CO, direct 400-700°C 900 - 1300°C
Fuel Hedirect | 490-1000°C | ;5 Up to 1600°C
SUbaslf;mb'y He/S-CO, | 300-800°C | dpalyr, total .
indirect 60 dpa Up to 1400°C
S-CO, direct 400-700°C 900 - 1300°C
Reflector He direct 490-850°C Up to 1100°C )
Up to 150 Normal operating temperatures are
He/S-CO, | 300.650°c | P Upto900°C |conservative; the high end may be
indirect dpa I
iC ess.
S-CO, direct 400-550°C Up to 800°C
Corétr?c'j Rod | Hedirect | 490-1000°C Up to 1600°C
uide
He/S-CO, _200° Up to 200
|| SUSEe dpa Up to 1400°C
S-CO, direct 400-700°C 900 - 1300°C
Upper He direct e Lo e A0 Normal operating temperatures
Support Plate
P He/S-CO, 650°C Up to 100 o assume the gas is well mixed at the
indirect dpa Up to 1000°C core exit.
S-CO, direct 550°C Up to 900°C
Lower He direct 490°C Up to 750°C
Support Plate He/S-CO, 300°C Up to 100
indirect dpa Up to 550°C
S-CO, direct 400°C Up to 600°C
Core Barrel He direct 490-850°C Up to 1100°C
He/S-CO, | 300-650°C | 80-100 dpa Up to 900°C
indirect
S-CO, direct 400-550°C Up to 800°C
Pressure He direct -850° ®
Vessel He/S-CO 490-850°C Up to T100°C Dose is dependent on shielding
.ed_' 2 300-650°C | <1 dpato Up to 900°C used, and off-normal temperatures
e 40 dpa can be significantly reduced if
S Up to 800°C insulation is used.
400-550°C
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2.4.1.4 Operating Conditions for High Temperature Metallic Components

For selecting high-temperature metallic materials, considerations of the GFR operating
conditions are focused on components that operate outside of the intense radiation field. Such
components include piping and heat exchangers. Further, high-temperature materials for the
power conversion components, such as the turbine, compressors, coolers, and recuperators,
are discussed in the following section. In this sense, the operating conditions of the GFR high-
temperature materials differ from the case of the NGNP, where internal metallic support
components are subjected to much lower neutron fluences and are included in the category of
high-temperature materials.

The anticipated temperatures in the three proposed GFR designs are all relatively lower than
those of the NGNP. The reference He-cooled design operates with an outlet temperature of
850°C at 7 MPa; the He-S-CO;, indirect option has an outlet temperature of 600-650°C at 7 MPa
with a 550°C secondary at 20 MPa; and the all-S-CO, will operate with an outlet temperature of
550°C at 20 MPa. The all-He direct design of NGNP performs with an outlet temperature of up
to 1000°C at 7.4 ~8 MPa. From an operating temperature point of view, the candidate high
temperature metallic materials for NGNP can be directly considered for GFR applications, with
the understanding that since radiation doses in the GFR will be much higher than the NGNP,
alloy selection must also address radiation resistance.

As to environmental conditions, the “all-He direct” design option of GFR adds concerns for the
effects of helium impurity contaminations that could be more severe than the NGNP, as
discussed in sections on power conversion and general corrosion considerations. The other
two design options, He-S-CO; indirect and all-S-CO,, add significant compatibility challenges at
the anticipated service temperatures.

2.4.1.5 Operating Conditions for Power Conversion Components

The GFR reference design power conversion system is very similar to that for the NGNP and
essentially identical in terms of components, pressures, and temperatures to that for the GT-
MHR. The temperature of the GT-MHR He coolant entering the turbine is ~850°C and the
temperature at the recuperator inlet is nominally 500°C. Maximum temperatures in the high-
and low-pressure compressors and the intercooler and precooler are very significantly lower
(<150°C). The two alternate designs utilize S-CO, at 20 MPa in their power conversion
systems. One design has He primary coolant at 600-650°C transferring heat through an IHX to
secondary system supercritical CO,; the CO, enters the power conversion turbine at 550°C
(indirect Brayton cycle). The other alternate design utilizes a direct Brayton cycle for power
conversion with the primary coolant supercritical CO, also entering the turbine at 550°C.

2.4.1.6 General Materials Compatibility Considerations in GFR Environments

The GFR reference design, like thermal-spectrum helium-cooled reactors such as the GT-MHR
and the PBMR, uses a direct-cycle helium turbine for electricity generation and generates
process heat for thermochemical production of hydrogen. This reference design shares many
materials requirements in common with the NGNP. However, the temperatures and
composition of the environment are somewhat different. One alternate design also uses a
helium-cooled system with an indirect Brayton cycle for power conversion. The secondary
system of this alternate design utilizes S-CO, at 550°C and 20 MPa. A second optional design
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is a supercritical CO, cooled (550°C outlet and 20 MPa), direct Brayton cycle system. From a
corrosion viewpoint, the pressure vessel will operate in air and the internals of reactor will
operate in either helium or S-CO, environments.

For the helium-cooled reactor, it is expected that:

* Inlet/outlet temperatures will be 550/850°C;

» Surface temperatures of materials in the core in contact with the coolant during
normal operation will be in the range of 800 to 1000°C; and

» Surface temperature of materials in the core in contact with the coolant under
accident conditions will be in the range 1400 to 1600°C for approximately 6 hours
(time required for the temperature to rise from normal operating to accident peak and
return to near normal operating temperature).

For the S-CO,-cooled reactor, it is expected that:

* Inlet/outlet temperatures will be 550/650°C;

» Surface temperatures of materials in the core in contact with the coolant during
normal operation will be approximately 650°C; and

» Surface temperature of materials in the core in contact with the coolant under
accident conditions will be approximately 1000°C for approximately 6 hours (time
required for the temperature to rise from normal operating to accident peak and
return to near normal operating temperature).

Helium Environment—The interactions between structural materials in controlled-impurity
helium atmospheres associated with gas cooled reactors have been the subject of numerous
investigations [2.9]. The results of these studies conducted by various organizations in the
USA, Germany, England, Norway, Japan, and other places have demonstrated the importance
of small changes in impurity levels, high temperatures, and high gas flow rates. Metallic
materials can be carburized or decarburized, and oxidized internally or at the surface. These
corrosion reactions, depending on the rate, can affect long-term mechanical properties such as
fracture toughness.

The simulated advanced high-temperature gas-cooled reactor (HTGR) helium chemistries used
in various test programs are shown in Table 8. Because of the low partial pressures of the
impurities, the oxidation/carburization potentials at the metallic surface of a gas mixture are
established by the kinetics of the individual impurity catalyzed reactions at the surface. As
shown, the main impurities are H,, H,O, CO and CH4. The hot graphite core in an HTGR is
assumed to react with all free O, and much of the CO, to form CO, and with H,O to form CO
and H,. In addition, in cooler regions of the core, H, reacts with the graphite via radiolysis to
produce CH,. Because of the change in surface temperatures around the reactor, and
associated changes in reaction mechanisms and rates of reaction on bare metal versus on
scaled surfaces, reaction rates and order of reactions are important.

Because of there being little or no graphite in the proposed GFR reactor, the composition of the
helium environment may be somewhat different from that for which materials test data are
available. Assuming zero graphite, the GFR environment should contain near zero levels of
CH,, less CO; and CO, about the same amount of nitrogen, and more moisture and oxygen
than previous helium cooled reactors. However, the surface temperatures are within the range
of previous tests. Because it is possible to treat a side stream of the helium environment to
reduce the oxygen and moisture, it is very likely that the GFR helium environment can be
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controlled to compositions very similar to that of previous reactors, if desired. As such, the
materials’ performance issues are mostly known.

Table 8. Composition of helium environments (advanced HTGR) used in past tests.

Program H; H.O co CO, CH, N: He (atm
(patm) (patm) (natm) (patm) (patm) (patm) absolute)

NPH/HHT 500 1.5 40 50 5-10 2

PNP 500 1.5 15 20 <5 2

AGCNR 400 2 40 0.2 20 <20 2

NPH: Nuclear process heat

HHT: High temperature helium turbine systems
PNP: Prototype Nuclear Process Heat

AGCNR: Advanced Gas Cooled Nuclear Reactor

The overall stability of the proposed helium environment must be evaluated in order to ensure
that testing proposed in various sections of the program are performed in environments that
have consistent chemical potentials. In addition, the corrosion of metals and nonmetals will be
evaluated to establish baseline data where it does not exist. These tests will be performed at
temperatures to include at least 50°C above the proposed operating temperature.

Supercritical CO, Environment—The chemical potential of the alternate S-CO, environment
will, at least from a thermodynamic viewpoint, be oxidizing. It is also possible that under
certain conditions, the environment may be carburizing. The long-term performance of
materials under the oxidizing and/or carburizing conditions must be established for the S-CO,
environment at temperatures relevant to the GFR, where little data currently exist. Corrosion
of metals and nonmetals will be evaluated to establish baseline data. These tests will be
performed at temperatures to include at least 50°C above the proposed operating
temperature. In addition, the spalling, transport, and deposition of radiological corrosion
products must be evaluated for the direct S-CO, Brayton cycle system.

2.4.1.7 High-Temperature Design Methodology Considerations

The impact and requirements of high temperature design methodology (HTDM) and possible
codification needs will vary for each of the three proposed GFR designs. Earlier sections in this
report adequately cover these conditions. HTDM and codification of materials and components
that operate inside vs. outside the high radiation field will differ. Likewise, HTDM requirements
for power conversion components will differ. Several materials may be used in more than one
design, although use conditions may differ; consequently, the HTDM requirements may vary
accordingly. Regardless, the basic framework for HTDM will be the same for all materials and
designs. HTDM issues are considered for the power conversion, reactor core, reactor internals,
pressure vessel, and piping and heat exchanger systems. Each is addressed separately as
follows.

Power Conversion Components—ASME Section Il codification is not believed to be required
for GFR power conversion components. As in the NGNP qualification program, the materials
R&D plan for materials selection and qualification will be made by the turbine manufacturer;
notwithstanding, the assessment of viability of preliminary candidate materials for use in S-CO,
is included in the GFR plans as stated earlier.
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Pressure Vessel, Piping, and Heat Exchanger—The GFR HTDM and codification
requirements for pressure vessel, piping, and heat exchangers are covered by the NGNP plans.
The nature of the GFR will result in significantly higher doses of radiation to core and reactor
internals than the NGNP designs. Although the GFR pressure vessel will experience a higher
dose level than the NGNP pressure vessel, the primary candidate pressure vessel materials
response is reasonably well understood at the doses anticipated. Similarly, the operating
conditions of piping and heat exchangers, where intense radiation exposure is not present, are
within the envelope of the NGNP designs. No additional work will be required in this area to
establish GFR viability unless alternate materials are required.

Core Components and Reactor Internals—Significantly higher doses of radiation to core and
reactor internals will occur relative to NGNP components. This in itself, even in cases where the
same materials as proposed for the NGNP designs will be used, requires substantial R&D to
assess viability. Further, estimated normal and off-normal operating temperatures are much
higher than in the NGNP designs. This is a significant challenge.

2.5 Materials Requirements For Nuclear Hydrogen Generation Systems

As part of the Gen IV Integrated Materials Plan, it is appropriate to consider the materials
challenges associated with hydrogen generation systems and the anticipated R&D needed to
meet those challenges. While the bulk of the materials R&D for hydrogen generation systems
will be the responsibility of the NHI, it is valuable to include the work within the integrated
materials R&D plan to minimize duplication and optimize synergistic interactions with the work
being performed in support of the Gen IV reactor systems.

Currently, the NHI is investigating both high temperature electrolysis and thermochemical cycles
as candidate technologies for the nuclear hydrogen production systems anticipated to be
deployed in conjunction with Gen IV reactor concepts. The focus of thermochemical cycle R&D
is on the sulfur based cycles — Sulfur-lodine and Hybrid Sulfur, which involve temperatures in
the range of 800 to 1000°C and corrosive environments. The Calcium-Bromine cycle is also
being evaluated which involves lower peak temperatures (~760°C). High temperature
electrolysis involves temperatures up to 1000°C in a steam environment. The multiple
technologies provide methods of hydrogen production that could be coupled to the fairly wide
range of operating conditions of the different Gen IV reactor concepts, while at the same time
providing multiple, potentially redundant paths to minimize risk. Each technology has unique
materials challenges that will need to be addressed to enable its successful deployment.

In the past two years, an assessment of the proposed hydrogen production technologies and
their associated materials requirements has been performed. It has been led by the NHI
program manager with strong support from the Gen IV materials NTD and staff. Extensive input
has been obtained from commercial, academic, and national laboratory experts regarding both
the anticipated configurations and operating conditions for each technology as well as the
resulting materials challenges. In this iteration of the materials R&D plans for NHI, high-level
materials needs and approaches to addressing them are provided, along with a general priority
for the work. The priorities are jointly derived from the criticality of the topic for establishing the
viability of the process and early identification of candidate materials to meet that need.

In the sections that follow, descriptions of the three current leading candidate technologies for
nuclear hydrogen production are provided along with the anticipated component operating
conditions and the resulting prioritized materials R&D program required to support selection and
deployment of the more promising systems.
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2.5.1 Nuclear Hydrogen Generation System Descriptions

The two leading candidate systems for production of nuclear hydrogen are the Sulfur lodine (SI)
thermochemical cycle and High Temperature Electrolysis (HTE). A second thermochemical
cycle that operates efficiently at lower temperatures, the Calcium-Bromine (Ca-Br) cycle is also
being evaluated.

2.5.1.1 Thermochemical S-l Cycle

The Sulfur lodine (Sl) water splitting cycle for hydrogen production consists of three coupled
chemical reactions as shown in Figure 18. First, sulfuric acid and hydrogen iodide are generated
in the central low temperature reaction, a.k.a. the Bunsen reaction. The reaction products,
sulfuric acid and hydrogen iodide are then decomposed at high and intermediate temperatures
respectively in the other two reactions. There are significant chemical separations associated
with each chemical reaction. Water is the primary solvent in the system with iodine being an
important solvent in the Bunsen reaction. Since the reactants in the Sl cycle are recycled
through the multiple sections, the only significant inputs to the system are high-temperature
process heat and water and the only outputs are hydrogen and oxygen.

Heat
Sulfuric acid is concentrated and >8$"C
decomposed at high temperatures @04 = 120, +50,+H,0
Excess water shifts chemical /
equilibrium by hydrating acids ~ H,S0, (H,0) 120, + 50, + H0

Bunsen reaction produces

acids and releases waste \ <120°C -

heat to the environment @904 + 2Hl @=——=I + SO, + 2H,0 @
at low temperatures ‘

/ Heat \

Excess iodine shifts chemical

equilibrium and separates acids 2HI (I, Hy0) I, (Hy0)
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Fig. 18. The Coupled Chemical Reactions of the Sl Cycle.

The baseline design for the current S| work has been recently described [2.10]. The overall Si
cycle can be divided into three sections:

» Section 1 — Sulfuric Acid and Hydriodic Acid Generation
This Section receives the decomposed sulfuric acid from Section 2 and iodine
from Section 3 and uses the Bunsen reaction to produce hydrogen iodide for Section 3.
The dilute sulfuric acid is returned to Section 2.

» Section 2 — Sulfuric Acid Concentration and Decomposition
This Section concentrates the sulfuric acid received from Section 1, and then
decomposes it into sulfur dioxide, oxygen and water. The decomposed products are
returned to Section 1.
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* Section 3 — Hydrogen lodide Decomposition
This Section receives hydrogen iodide from Section 1 and decomposes it to
produce hydrogen and iodine. The iodine and un-reacted hydrogen iodide are streamed
back into to Section 1.

The three sections include extremely corrosive working environments over a wide range of
temperatures and pressures. In order to realize a stable, safe and functional hydrogen
production plant, careful selection and qualification of materials used to manufacture the
reaction chambers, heat exchangers and other components for each section must be made.

Multiple approaches for generation of hydrogen that utilize sulfuric acid concentration and
decomposition as the high-temperature step have been examined. These include the reference
case described herein, in which HI decomposition is accomplished without first extracting the Hl
from HIx and an alternate case where phosphoric acid is used to separate the iodine from Hix,
thus allowing the HI to be isolated for decomposition. Additional approaches include following
the sulfuric acid decomposition with high temperature electrolysis in a hybrid process. At this
point in time, materials needs are considered for the reference case and, to a lesser degree, for
the phosphoric acid process. An overview of the Sl reference case processing sections is
provided below.

Section 1 — Sulfuric Acid and Hydriodic Acid Generation

The bulk of the Bunsen reaction: I, + SO, + 2H,0 — H,SO, + 2HI is currently designed to occur
in a heat exchange reactor at elevated pressure. These reaction species also occur in primary
and secondary oxygen scrubbers and an H,SO, boost reactor.

The output from the main heat exchange reactor consists of three phases that are separated
and then processed separately. The gas phase consists of residual SO, in O, and this SO, is
removed by the O, scrubbers. The majority of O, is vented to atmosphere but a portion is
recycled and is used to strip any SO, remaining in the dense HIx liquid. The processed HIx
liquid is sent to Section 3 for decomposition. The stripped SO, is used to react with the water in
the light-liquid phase in the H,SO, boost reactor. The iodine stream exiting from the boost
reactor bottom contains the HI formed in the boost reactor along with the water required to
solubilize the HI. This stream is pumped to the heat exchanger. The overhead liquid product of
the boost reactor is passed on to Section 2, where the H,SO, is concentrated and decomposed.

Any SO, remaining in the sulfuric acid is recycled to the beginning of Section 1, along with water
flashed from the sulfuric acid. The gaseous product of the boost reactor is scrubbed in the
secondary scrubber, along with the exhaust from the SO, absorber. The gaseous product of the
O, scrubbers is vented and contains one-half mole of oxygen for every mole of hydrogen
produced in the overall process. In a mature hydrogen economy, the oxygen will likely be
vented to the atmosphere but for initial plants, the oxygen co-product may be collected for sale.
The liquid products of the two oxygen scrubbers are combined with a portion of the HI/H,O
recycled from Section 3. This combined stream is used to adsorb much of the SO, stripped
from the Hix.

Section 2 — Sulfuric Acid Concentration and Decomposition

The high-temperature section of the Sl cycle can be described in two parts: concentration and
decomposition of sulfuric acid.

Concentration

The incoming sulfuric acid from Section 1, along with the internally recycled sulfuric acid, is
concentrated to about 40 mole % in a high-pressure four-stage isobaric concentrator. The feed
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to Section 2 and the recycle stream are first pumped up to the operating pressure of the isobaric
concentrator at 35 atm and are then preheated together before entering the concentrator. As the
sulfuric acid solution flows through multiple serially connected and heated chambers within the
concentrator, water is boiled off within each chamber resulting in an increase in the temperature
and the acid concentration of the solution. Upon completion, the concentrator produces a liquid
phase of concentrated sulfuric acid and a vapor phase of steam. The small amount of sulfur
dioxide that remains in the inlet sulfuric acid is removed with the water. The water vapor boiled
off from each chamber is mixed above the chambers and leaves as a single stream. The
sensible and latent heat in this stream can be re-used elsewhere in this section. The mixed
vapor outlet is condensed and its sensible and latent heats are recovered via a re-boiler in the
vacuum distillation column.

The liquid product of the isobaric concentrator is further concentrated in a series of three
reduced pressure flashes at nominal pressures of 8 bar, 2 bar and 50 torr before entering a
vacuum still. Prior to the first flash, some heat is removed for use later in the process but the
subsequent flashes are adiabatic. The vapor from the final adiabatic flash passes through a
partial condenser. The condensed liquid from the partial condenser is fed to the vacuum still at a
position appropriate to its composition.

The overhead from the still, which is nearly pure water, is returned to Section 1. The bottom
product of the distillation column is azeotropic sulfuric acid (~90 mole % H,SO,) liquid at 212°C.
The concentrated sulfuric acid is pressurized and then decomposed.

Decomposition

Before the sulfuric acid can be decomposed, it must first be heated and vaporized. Some of the
heat required to preheat the stream prior to vaporization is recovered from the liquid product of
the isobaric concentrator but the remainder of the heat required for heating, vaporizing, and
decomposing the sulfuric acid is provided by high-temperature process heat from the associated
nuclear reactor. Some of the sulfuric acid decomposes into SO3 and water as it is vaporized and
this reaction proceeds further as the vaporized stream is heated in the recuperator.

The recuperator retrieves much of the heat that remains after sulfuric acid decomposition.
Physically, the recuperator is envisioned to be similar to a shell and tube heat exchanger, with
the hot fluid flows on the tube side and the cool fluid flows on the shell side. Most of the sulfuric
acid will decompose into SO; and water before exiting the recuperator. The SO; is then
catalytically decomposed into SO, and O,. A four-stage decomposer/reactor has been
tentatively selected to improve process efficiency. As the number of stages is increased, more
of the heat can be supplied to the reactor at lower temperatures.

The reactor outlet stream is cooled in the recuperator, transferring heat to its feed, as mentioned
previously. The unreacted SO3; combines with water reforming H,SO,4. The reaction products are
further cooled and the heat is recovered for use within this section in the product cooler. The
product cooler is physically divided into three heat exchangers. Part of the recovered heat is
used for the first stage of the isobaric concentrator and the remainder is used to preheat the
concentrator feed. Unrecoverable heat is lost to the cooling water. The liquid condensed in the
product cooler is recycled to the isobaric concentrator and the gas phase, consisting primarily of
SO; and O, is recycled to Section 1. The entire sulfuric decomposition reaction occurs at
elevated pressure (=7 bar).
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Section 3 — Hydrogen lodide Decomposition

The Hix (HI + |, +H,0) product from Section 1 is further pressurized and then recuperatively
heated to the feed temperature of the reactive distillation column in a network of heat
exchangers. This heat is recovered from the two liquid products of the distillation column: the
bottom stream contains most of the iodine, and the side outlet is made up from mostly water
and hydrogen iodide.

The overhead, hydrogen-rich product of the column is scrubbed in a packed column with water
to remove the residual hydrogen iodide from the hydrogen. The high pressure and low
temperature of the scrubber result in a relatively low water content (0.14 mole %) in the resulting
hydrogen product.

2.5.1.2 The Calcium-Bromine Cycle

The reference calcium-bromine (Ca-Br) cycle for hydrogen production is a variant of the UT-3
thermo-chemical cycle investigated by the Japan Atomic Energy Research Institute (JAERI).
The Ca-Br cycle is designed to operate at lower temperatures than the Sl system and utilizes
regenerative solid-to-gas reactions in multiple, rotating beds to produce HBr that is then further
split to obtain hydrogen. A simplified diagram for a commercial-scale Ca-Br cycle is provided in
Figure 19. As with the S| cycle where the reactants are recycled through the processing
sections, the only significant inputs to the Ca-Br system are high-temperature process heat and
water and the only outputs are hydrogen and oxygen.

HBr
Hz
E | |—’H2

Wi Plasmatron
|

" | CaO +Bry » |°
CaBr, + 20,

o

Fig. 19. Simplified diagram showing principle features of Ca-Br water-splitting cycle.

To dissociate the HBr to H, and Br,, a “plasmatron” system is envisioned. As the name
suggests, this system employs plasma-chemical reactions and operates at low temperatures
and pressures to produce H; in a mix of HBr. Following plasma-chemical reactions, the original
CaBr;, reagent is regenerated during the production of oxygen. Heat is recovered from the
oxygen production stage to produce electricity. A staged, plug-flow operation is employed to
minimize the loss of Br, from the process. The use of gas-solid reactions for the two stages in
the proposed process will simplify separations compared with cycles based on gas/gas
separations. As long as operations remain in the specified temperature ranges, byproducts such
as bromine oxides (Br,O; BrO;), hydrobromous acids (HBrO), and calcium hydroxide Ca(OH),
should not form. Major portions of the system are described below:

Water Splitting with HBr Formation
Steam is reacted with CaBr, to crack the water and form two moles of HBr for every mole of
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water. Water splitting with HBr formation takes place at a temperature of about 760°C in a solid-
gas reaction where

CaBr; + H,O — CaO + 2HBr [Equation 1]

What is not shown in this equation is that the calcium is supported on 75 wt% CaTiO3 that
cycles between CaBr,; and CaO. This stage is carried out in four plug-flow operations, and a
low-moisture HBr product is generated during H, production. A countercurrent flow employing
four beds is envisioned. Consequently, the reaction progressively demands more cycle heat as
it moves through the beds that contain higher and higher concentrations of CaBr,. The first bed
contacted is low in CaBr,, while the last is nearly pure CaBr,. This endothermic reaction
requires heat input directly into each of the plug flow reactor beds. As the reactants in the final
bed are consumed, the bed is removed from HBr production and a new bed rotated into service.
The beds removed from the forward HBr production process are then cycled through the oxygen
recovery process described next, where their CaBr; reactant content is regenerated.

Oxygen Recovery
Oxygen recovery and the regeneration of the initial CaBr, reagent is an exothermic process at
577°C, again in a solid-gas reaction where

CaO + Br, — CaBr;, + 0.50, [Equation 2]

This regeneration stage of the solid beds uses the Br, reactant stream discharged from the
plasmatron. As a consequence of this sequential system of reactions, there is an inherent
difficulty. This difficulty is linked to the significant physical change in dimensions as the calcium
cycles between bromide and oxide. The CaO has a cubic structure that must undergo a
significant dimensional change to accommodate the CaBr, orthorhombic structure. This process
must then be reversed. As the calcium reactant undergoes this change in dimensions, sintering
will likely occur unless the calcium is carefully dispersed on a suitable support and plugging of
pore volumes is possible. Suitable support structures for the calcium that will tolerate this
reversible cycling of plug-flow operation for CaBr, regeneration with the liberation of oxygen
must be developed.

The oxygen recovery step rejects significant heat. Possible uses of this heat include recovery
within recuperators of the hydrogen production plant, desalination, or even use in a Brayton
cycle to produce electric power.

Hydrogen from HBr Dissociation

The current reference design includes a single-stage HBr-dissociation step. This represents a
modified UT-3 cycle in which hydrogen formation will involve either HBr electrolysis or the use of
a plasma chemistry technique operating near ambient conditions. Decomposition of HBr to H,
and Br, using plasma-chemistry dissociation operates at modest process conditions (~100°C) in
a gas phase reaction where

2HBr + plasma — H, + Br; [Equation 3]

The products of decomposition — H, and Br, — are in different states at standard conditions, H;
is a gas and Br; is a liquid. Additionally, the main gases involved in the process (H;, HBr, and
Bry) have very different physical properties. Because of these differences, the direct separation
of components can be expected, if a plasma chemical reactor is employed. To accomplish the
separation, the HBr gas with recycled fluids is introduced into the plasma cavity using a
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rotational flow pattern at near-sonic speeds, creating a centrifugal separation of hydrogen
products from the bromine at the periphery of the rotating flow.

This process operates at low temperatures and low pressures, making the recovery of the H,
straightforward using conventional technology. A disadvantage of this low-pressure approach is
that five stages of compression (with the attendant capital and operating penalties) are required
to bring the H, to purification and pipeline operating conditions. Following compression, the
small residual fraction of water and bromine carried over in the vapor phase are removed. HBr
is recovered for recycle using pressure swing absorption (PSA), a standard H, purification
technique. PSA yields a product suitable for delivery to the H, pipeline, completing the process.

2.5.1.3 High-Temperature Electrolysis

High-Temperature Electrolysis uses the technology of solid-oxide fuel cells (SOFCs) to split
steam into hydrogen and oxygen. The cells operate at 750 to 900°C and have the electrical
potential reversed from that of a typical fuel-cell mode. A schematic diagram of an HTE plant is
shown in Figure 20 and a cross-section of an individual cell is shown in Figure 21. Nuclear
hydrogen production using HTE utilizes the energy input from nuclear-reactor process heat to
reduce the electrical power required to split water into hydrogen by electrolysis, thereby
improving the overall efficiency of the process.
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Fig. 20. Simplified diagram of a high-temperature electrolysis plant.

High-temperature electrolysis builds on the technology of SOFCs, using similar materials, but
producing hydrogen and oxygen rather than electricity. DOE’s Office of Fossil Energy (DOE-
FE) and commercial interests have had very significant programs for the last two decades to
develop SOFCs, particularly for the very severe conditions associated with coal gasification. In
comparison, the service conditions for a solid oxide electrolytic cell are generally more benign,
operating at lower temperatures (750 to 900°C) with the inlet and outlet gases at the cathode
consisting of only steam, hydrogen, and oxygen in differing concentrations. The anode of the
electrolytic cell is the only region where conditions are likely to be more severe than an SOFC,
since pure, high-temperature oxygen will be present, if no diluent is used.
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Fig. 21. Components of solid oxide cell used for high-temperature electrolysis.

The HTE system is conceptually simple in comparison to those for the thermochemical cycles
being considered for nuclear hydrogen generation. In the HTE system, water is heated to
superheated steam in a series of steam generators and superheaters, electrolyzed into
hydrogen and oxygen in a water-containing process stream in the cell, and then separated into
its constituents by condensation and/or the use of organic membranes. The only other major
components are the heat exchangers used to recover the waste heat from the hydrogen and
oxygen product streams prior to their discharge.

The materials challenges in the development of HTE are divided into two categories: those
within the cells themselves and those in the surrounding plant. The NHI program will address
those materials issues in the balance of plant and those materials issues within the cells
themselves that are unique to HTE. Other materials issues within the cells will be addressed as
part of the larger DOE-FE SOFC programs, hence only the materials issues and recommended
R&D that are anticipated to fall within the NHI program are addressed in this document.
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3.0 POTENTIAL CANDIDATE MATERIALS SELECTIONS AND RESEARCH PLANS FOR
GEN IV REACTORS

The materials requirements for the various components of each of the Gen |V reactor concepts
that are being actively addressed within DOE’s Gen IV Program (NGNP, SCWR, LFR, and
GFR) and the systems for nuclear hydrogen production being addressed by DOE’s NHI
Program were described in the previous sections. Based on those requirements, developed by
the SIMs or PM for their individual systems, a list of potential candidate materials for each major
component were selected. The materials selected are those that were evaluated to have the
greatest reasonable chance of meeting the component requirements, as described, along with a
summary of their current status, in the individual reactor needs studies [3.1-3.6].

In the sections that follow, the potential candidate materials for each of the systems will be
described along with the anticipated R&D that will need to be performed to downselect and
qualify the materials for Gen IV service. As the descriptions of materials and R&D needs for
each reactor system are better defined, they will be mutually evaluated for optimum
incorporation into the overall integrated Gen IV Materials Technology Development Program.
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3.1 Potential Candidate Materials Selections and Research Plans for NGNP

Three primary factors will most affect the properties and choice of the structural materials from
which the NGNP components will be fabricated. These are effects of irradiation, high-
temperature exposure, and interactions with the gaseous environment to which they are
exposed. An extensive testing and evaluation program will be required to assess the effects
that these factors have on the properties of the potential materials for NGNP construction to
enable a preliminary selection of the most promising materials to be made and to then qualify
those selected for the service conditions required.

Details of the research plans for the potential candidate materials selected for the NGNP
described in this section are largely discussed in conjunction with the components in which they
will see service. These plans are being more fully refined as the overall system and component
operating conditions become better defined. Updates on the plans will be incorporated into the
next revision of this document.

The research necessary to select and qualify the materials for NGNP will, in many cases,
precede that for the other reactor systems, by virtue of its accelerated deployment schedule.
Hence, it will be possible to utilize the NGNP results, as part of the overall integrated Gen IV
Materials Technology Program, to minimize similar research that would otherwise be required
for the other reactor systems. Hence, the early definition, scheduling, and execution of the
NGNP materials research program will allow the remaining systems to focus on their remaining
issues.

3.1.1 General Considerations for NGNP Materials Research

3.1.1.1 Irradiation

When a material is irradiated, virtually every property may change. This includes physical
dimensions, as well as mechanical, electrical, magnetic, thermo-physical and other properties.
The reason for this is that the existing crystal and defect structure is deconstructed and
reconstructed on an atom-by-atom basis during irradiation. In a high-dose irradiation, each
atom may be displaced from its lattice site numerous times. The standard measure of radiation
dose in metallic materials is the displacement per atom (dpa). Conditions during irradiation,
such as temperatures, dose, dose rate, and local materials composition, determine the property
changes that will ultimately result. Three of the irradiation-induced changes of greatest concern
are swelling, irradiation creep, and embrittiement.

Swelling is the isotropic volume expansion of an irradiated material. It occurs by the net
absorption of interstitials at dislocations, with a corresponding net number of vacancies
accumulating at cavities. It may reach tens of percent or more at high does, e.g., tens to
hundreds of dpa. In graphite, which has a very anisotropic crystal structure, swelling can itself
be anisotropic and is highly dependent upon texture of the graphitic microstructure and the
macroscopic direction of a component with respect to the crystal texture.

Irradiation creep is a shape change in compliance with an applied stress, in excess of ordinary
thermal creep. It occurs even at quite low temperatures, where thermal creep is entirely
negligible. Dislocation-climb creep occurs by the asymmetrical partitioning of self-interstitials
and vacancies to dislocations differently oriented to the stress axis. Climb-enabled glide creep
occurs when a dislocation climbs and overcomes an obstacle, permitting it to glide. Creep may
therefore result directly from net climb of particularly oriented dislocations, or indirectly from any
climb that triggers glide in response to the applied stress.

Embrittlement occurs, broadly speaking, by two processes. In the first type of process,
hardening of the material progresses by creation of many types of obstacles by radiation. This
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hardening reduces ductility. Many irradiation-induced hardening centers are so small they are
beyond the ability to detect with transmission electron microscopy. However, atom probe field-
ion microscopy has contributed significantly to the knowledge of the structure and properties of
these ultra-fine hardening features. The second type of process is grain boundary weakening,
caused by preferential diffusion of transmutation products, such as helium, or tramp elements,
such as phosphorus, to the grain boundary.

Swelling, irradiation creep, and embrittlement have received a great deal of experimental and
theoretical attention. As a result, a certain measure of understanding of these phenomena has
been achieved, but investigation of these processes in the particular alloys, graphites, and
structural composites being considered for NGNP applications will still be required under the
particular conditions of interest. The activities needed to assess these changes are
incorporated into the following sections of experimental plans.

3.1.1.2 High-Temperature Exposure

At high temperatures, thermally activated processes such as microstructural changes, plastic
flow, and some types of fractures produce a number of time-related degradation mechanisms
that must be recognized in the design and operation of high-temperature components.

In regard to microstructural changes, there are several concerns to the NGNP. First, the RPV
will most likely be fabricated from a F/M that derives its strength from a fine precipitate of
carbides formed on highly-dislocated martensite lath boundaries. With time, these precipitates
will coarsen and the lath structure will reform into a fine-grain structure with much lower tensile
and creep strength than the starting steel. The rate at which this aging process occurs is highly
dependent on the elemental constituents that make up the carbide microstructure. A second
time-related degradation mechanism that occurs on the structural steels is that of intermetallic
phase precipitation. In this process, coarse intermetallic phases precipitate that rob the matrix
of solid-solution strengtheners and impart brittleness to the grain boundaries. In stainless steels
and nickel-base alloys that will likely be used for the core internal components, piping, and other
high-temperature components, some strengthening is often derived from stable carbides and
fine dispersions of intermetallics that develop in-service. With time, these beneficial precipitates
may coarsen or dissolve in preference to less desirable precipitate phases. Again, loss of
strength and embrittlement are concerns. Work is needed in the NGNP materials program to
define the kinetics of the precipitation processes and predict the development of metastable,
and eventually, the stable microstructures.

High-temperature yield strength and resistance to plastic flow are properties that are important
in structural components. Good resistance to thermal transients, mechanical fatigue, ratcheting,
and buckling depends on materials with good short-time strength properties. At the extreme
temperatures expected in the NGNP components, the yield and flow properties of the structural
materials are expected to be very rate sensitive and will be more sensitive to loading rates in the
components. To address these issues, the materials testing program needs to produce
information that can lead to improved analysis methods that accommodate greater rate
dependency of short-time deformation and fracture. For very long service times there are
additional concerns. The database on which allowable stresses are based is quite limited for
several of the candidate materials, particularly at the upper temperature range that service in
the NGNP will require. New deformation and fracture mechanisms may prevail at the long time
and low stresses thought to represent steady-state operation of the NGNP. It is critical that
predictive continuum damage mechanics models be developed on a sound metallurgical basis.
The activities needed to assess both the microstructural stability and effects of temperature on
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both short- and long-term mechanical properties are incorporated into the following sections of
experimental plans.

3.1.1.3 Helium Gas Cooled Reactor Environment

From a corrosion viewpoint, the internals of the reactor will operate in a helium environment,
and the externals of the reactor, including the pressure vessel, will operate in air. The internal
metallic components of the reactor will operate at temperatures up to 950°C and the pressure
vessel will operate nominally at temperature up to 470°C with accident conditions up to 560°C.

The interactions between structural materials in the helium atmospheres associated with gas-
cooled reactors have been the subject of numerous studies. The USA, Germany, England,
Norway, Japan, and other places have demonstrated the importance of small changes in
impurity levels, high temperatures and high gas flow rates. Metallic materials can be carburized
or decarburized, and oxidized internally or at the surface. These corrosion reactions, depending
on their rate, can substantially affect long-term mechanical properties such as fracture
toughness, fatigue, crack-growth rate, etc.

Typical simulated advanced HTGR helium chemistries used in various previous test programs
are shown in Table 8, as discussed in the helium environment for GFR. Because of the low
partial pressures of the impurities, the oxidation/carburization potentials at the metallic surface
of a gas mixture is established by the kinetics of the individual impurity catalyzed reactions at
the surface. As shown, the main impurities are H,, H,O, CO and CH4. The hot graphite core is
considered as reacting with all free O, and much of the CO, to form CO, and with H,O to form
CO and H,. In addition, in cooler regions of the core, H, reacts with the graphite via radiolysis to
produce CH,. Because of the change in surface temperatures around the reactor, and
associated changes in reaction mechanisms and rates of reaction on bare metal versus on
scaled surfaces, reaction rates and order of reactions are important.

The overall stability of the proposed helium environment that will be representative of the NGNP
must be evaluated in order to ensure that testing proposed in the various experimental sections
that follow is performed in environments that have consistent chemical potentials. In addition,
the corrosion of metals and nonmetals must be evaluated to establish baseline data where it
does not exist. Therefore, testing in both the helium environment to be used for mechanical
properties and general corrosion evaluations of the candidate materials to establish their overall
compatibility with that environment will be performed at temperatures up to at least 50°C above
the proposed operating temperature for the various metallic components. The schedule for
these studies that are generally applicable to all metallic components is shown in the following
milestone section.

The bulk of the experimental plans needed to assess the effects of the helium environment on
mechanical properties of the metallic internal materials, are included in the following sections
that deal with individual components. However, in addition to those studies, it will be necessary
to assess the stability of the helium environment itself as well at the general effects of corrosion
on the various structural materials being considered for use within the primary circuit. Those
experimental plans are detailed below.
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Experimental R&D plans to assess helium environment and general corrosion

A high-level summary of R&D plans and schedules for the NGNP materials research needed to
meet the stated deployment time schedule is provided below.

Milestones
FY 2006

Complete upgrade existing helium corrosion loop
Initiate evaluation of stability of predicted range of impurities in helium

Evaluate similarity of performance of recirculating loops at ORNL and INL

FY 2007

Complete evaluation of stability of predicted range of impurities in helium

Perform 3000h exposure testing of preliminary candidate materials at 1000°C in
anticipated helium atmospheres

FY 2008

Perform 3000h exposure testing of preliminary candidate materials at 1000°C in off-
normal helium atmospheres

Provide recommendations of corrosion resistance for selection of primary candidate
materials

Initiate predictive modeling of long-term performance of candidate materials in NGNP
helium coolant

FY 2009

Initiate confirmatory 3000h exposure testing of primary candidate materials at 1000°C
in anticipated and off-normal helium atmospheres

FY 2010 and 2011

Conclude confirmatory 3000h exposure testing of primary candidate materials at
1000°C in anticipated and off-normal helium atmospheres

Complete predictive modeling of long-term performance of candidate materials in
NGNP helium coolant at 1000°C

FY 2012-2015

Perform 3000h exposures in helium environments at 950, 850, 800, and 750°C

Upgrade predictive model of long-term performance of candidate materials

3.1.2 NGNP High-Temperature Metallic Components

3.1.2.1 Reactor Pressure Vessel System Materials Selection and Issues

A summary of the anticipated operating conditions and component sizes for the NGNP pressure
vessel system is provided in Table 9. The vessels will be exposed to air on the outside and
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helium on the inside, with emissivity of the chosen material an important factor regarding
adequate radiation of heat from the component to the surrounding air to ensure adequate
cooling during accident conditions. The materials tentatively selected for gas-cooled RPV
service are low-alloy F/M steels, alloyed primarily with chromium and molybdenum.

The currently estimated maximum normal operating temperature of 470°C for the RPV and CV
is in the creep range for any ferritic or F/M steel currently in any part of the ASME Boiler and
Pressure Vessel Code, while the maximum abnormal (off-normal accident) temperature of
560°C at one atmosphere for 200 hours provides an even greater challenge. For the ferritic
steel option, there are four classes of advanced, higher alloy F/M steels that have been
identified as potential candidate alloys, while the 2 1/4Cr-1Mo alloy is listed especially for the
lower temperature design. These five alloy classes are listed in the order recommended as
priority for consideration as the structural material for the RPV and CV components for the
NGNP. Additionally, the class of austenitic stainless steels is listed as well, as a fallback option,
but an option that retains the potential for operation at the desired temperatures, especially
considering the abnormal temperatures under accident conditions, albeit at a significantly higher
capital cost.

Table 9. Reactor pressure vessel system operating conditions affecting candidate
material selection for the NGNP.

Component Normal NGNP System Abnormal Estimated
Operating Conditions Conditions Component Size
Temp. [°C] Neutron
Pressure Fluence,

[MPa] E>0.1 MeV
(dpa)
Reactor 300-470°C 19 2 _raAnO Diameter:>9m
Pressure [7.4-8.0 1x10 “nfom” =560 Cat1atm ;. 0ecs100-
per 60 years  for 200 h [7.4-8.0
Vessel MPa] (0.077 dpa) MPa] 300mm
(RPV)* wrrdp Height:>24m

300-470°C  1x10"° n/cm®  <300-560°C for ~ Diameter:>2.5m
Cross Vessel [7.4-8.0 per 60 years 200 h [7.4-8.0 Thickness: >100mm

(CV) MPa] (0.077 dpa) MPa] Length: 4-5m
Power o - Diameter: =7-9m
Conversion 300°C Neghalble 2 o Thickness: 100-

[6.0-6.0 3x10" n/cm 300°C _—
Vessel MPal] per 60 years  [5.0-6.0 MPa]  2o0mm Height:
(PCV) e ~35m

1x10"® n/cm?
60 years 0

Closure o per =~560°C at 1 atm
Bolting 550°C (0.077 dpa)

* Temperatures are dependent on specific reactor design.

52



1.

Class of 9Cr-1MoVNb

a. This class of materials has the most industrially mature high strength database. For
example, the 9Cr-1Mo-V (grade 91) alloy is ASME Code approved to 649°C for Section
lll, Classes 2 and 3 components and is in the final stages of approval for inclusion in
Subsection NH for Class 1 applications.

b. There are, of course, limits to Code applicability involving time at temperature,
thickness of forgings, etc.
c. Within this class of alloys, it seems prudent to consider variants such as 9Cr-1MoWV

(grade 911), (grade 92), etc., because available research data show significantly
improved high temperature strength for those alloys relative to the grade 91.

Class of 7-9Cr2wWV

a. Various alloys of this class are currently being developed under the Fusion Materials
Program.

b. There is a smaller database than for the 1% class mentioned above, but some of these
alloys offer the possibility of better high strength properties.

c. Examples of specific alloys within this group include F82H (7.5Cr2WV), JLF1 and
EUROFER (9Cr2WV).

d. A potential advantage of these alloys is the fact that they have also been developed to

have reduced activation under neutron irradiation with resultant advantages for
decommissioning.

Class of 3Cr-3WV

a. This class of alloys offers good high strength properties, but is one of the newer alloys
under development and, as a result, has a very limited database. In relatively modest
section sizes evaluated to date, the yield strength of the specific 3Cr3WV alloy under
development at Oak Ridge National Laboratory (ORNL) is about twice that of the SA508
grade 3 forging steel used for current LWR RPVs.

b. Because of its lower alloying content, it offers the potential for substantially lower cost
than those more highly alloyed steels in the two classes discussed above. However,
because of its lower alloying content, environmental effects at high temperatures may be
limiting.

c. There are indications that this alloy may not require a post-weld heat treatment.

d. One other alloy in this class is a 2.75Cr-1MoV variant under development in Russia.

Class of 12Cr-1MoWV

a. The alloy designated HT9 is an older existing alloy within this class of materials.

b. The HT9 alloy has a broad database available, but is has poorer properties than, e.g.,
9Cr-1MoVNb.

c. There are some more recent 12Cr variants that offer improved properties relative to
the HT9. For example, the HCM 12A alloy has a good database and is currently
approved by ASME Code Case 2180 to 649°C for application in Sections | and VIII.
Additionally, a Japanese alloy designated SAVE12 appears to have good high
temperature strength, but the available database needs to be reviewed.
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5. Fallback for lower temperature operation: 2.25Cr-1Mo

a. There is an extensive database for this alloy, including data in different operating
environments such as helium.

b. Another advantage is the extensive industrial experience with this alloy in many
different applications around the world.

c. However, its high-temperature strength is significantly lower than the alloy classes
discussed above and, as such, is only applicable for substantially lower vessel
temperature, such as in the case of the HTTR at JAERI.

6. Class of austenitic stainless steels (types 304, 316, etc.)

a. There is an extensive database for many of these alloys, including some data in
helium with various impurity contents.

b. There is extensive industrial experience with this class of steels in many different
applications, including in irradiation environments.

c. The tensile strengths of these alloys are much inferior to the F/M steels, but their
strength properties do not degrade as rapidly at high temperatures. However, at
temperatures in the range of 650°C, their maximum allowable stresses are not
necessarily superior to some F/M steels. The primary reason for inclusion of the class of
stainless steels here is their metallurgical stability at the higher temperatures currently
anticipated for the abnormal conditions.

d. In general, stainless steels have superior oxidation and corrosion resistance in many
media, but they are not immune to severe degradation in some common environments.

Potential candidate alloys for the PCV could include those for the RPV and CV, but there are
lower cost options available because of the lower operating temperatures. Even under abnormal
conditions, the PCV will be subjected to temperatures about the same as those currently used
for commercial LWR vessels. Moreover, the size of the vessel is well within normal fabrication
capability. Thus, the current LWR pressure vessel materials, SA508 grade 3 class 1 forgings or
SA533 grade B class 1 plates are potential candidates, as is the 2 1/4Cr-1 Mo alloy, dependent
on material compatibility issues. It is noted that the CV is welded to the PCV and the welded
joint with dissimilar materials must be a consideration.

Potential candidate alloys for high-temperature closure bolting are alloy 718 and types 304
and 316 stainless steels. Although alloy 718 has superior strength, it is currently approved up
to 566°C in ASME Section Ill, Subsection NH. The two types of stainless steels, however,
have allowable stress intensities for bolting up to 704°C. Thus, the anticipated operating and
abnormal condition temperatures are lower than the approved temperature limits for those two
materials. The estimated irradiation exposure for closure bolting will be assessed to evaluate
the need for inclusion of bolting in the irradiation program.

Expected research, testing, and qualification needs for RPV materials

The first step in the research program on materials for the RPV system will be a
comprehensive and detailed review of the potential candidate alloys discussed. The existing
database for those alloys will be assembled, analyzed, and evaluated with respect to the
design and operating requirements presented above. Principal topics for review will include:
fabrication and transportation for the RPV ring forgings, effect of thickness on mechanical and
fracture properties, and high-temperature strength, stability, and long-time performance under
irradiation of the materials.
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Based on the results of the materials review, detailed research enabling the inclusion of the
needed RPV materials into the ASME Code for the materials of construction will be defined
and performed. For an alloy such as 9Cr-1MoV (grade 91) that has already attained Code
approval for operation to 649°C, additional testing will be required but not nearly as much as
that required for an alloy that is not currently approved for Code use. However, in that regard,
given the currently estimated abnormal condition temperature of 560°C for 200 h, data would
be required up to 610°C for ASME Code approval. Such data are not available for most of the
potential RPV candidate materials. The extension of the required data bases and ASME Code
acceptance of the materials for NGNP RPV service will need to be developed and closely
coordinated with the high-temperature design methodology activities covered further below.

Additionally, application-specific information and data are required, including:

1. Effects of the helium coolant on the potential candidate alloys, including the possible
use of a weld overlay cladding on the inner surfaces of the RPV and CV, such as type
308 stainless steel.

2. Irradiation effects data on the RPV and CV materials, and possibly the bolting
materials are needed for regulatory requirements and for assessment of structural
integrity. Similarly, long-time thermal aging data are needed as a complement to the
irradiation effects data for potential embrittlement due to either hardening or softening
of the RPV materials and the closure bolting materials.

3. The external air environment is significant in that the pressure vessel must be able to
radiate heat at temperatures up to 500°C throughout the life (60 years) of the reactor
and at 560°C under accident conditions. It is therefore necessary to have a stable,
high-emissivity surface on the pressure vessel material, such as 9Cr-1MoVNb and
variants, at elevated temperatures. While the emissivities of steel can be increased by
the formation of an oxide film, the conditions under which this film can be created and
the stability of this film in air (including the effect of humidity) at operating temperature
needs to be established. An industrial partner will be used to provide for scaling of the
materials and methods that have proven to be viable. Emissivity data on the various
potential candidate materials are needed to ensure adequate radiation from the outer
surface to the air in the cavity between the RPV and surrounding concrete during
accident conditions, including the possible need to incorporate a high emissivity
coating on the outer surface of the RPV. Testing to establish limitations of potential
candidate materials emissivity and the performance and durability of proposed surface
modifications to improve emissivity must be performed early to provide design
feedback and limitations.

4. Determination of the RTypr for Section Ill, Class 1 components such as the RPV and
CV. Fracture toughness data will be required, primarily for regulatory needs, but also
for providing complete information to allow for a comprehensive assessment of
structural integrity for the pressure boundary components.

5. Damage accumulation data are needed due to long-time high temperature exposure.
Particular attention is needed in the area of welding to ensure that the issues of hot
cracking and premature creep failures in the heat-affected-zones of F/M steels,
observed in the fossil industry, are adequately addressed.

6. Vessel fabricability must be comprehensively evaluated. Availability of the very large
forgings required and both their weldability and the attainment of the required through-
thickness properties of the higher-alloy steels in such thick sections are key issues.
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The possible requirement for field fabrication, including postweld heat treatment, must
be assessed.

7. Currently, the estimated maximum temperature for the RPV and CV materials under
abnormal operating conditions is 560°C with the potential for operation at that
temperature for about 200 h and, more importantly, at full operating pressure or higher.
This temperature is about 90°C lower than the aforementioned maximum that is
currently approved in Section Ill, Subsection NH for 9Cr-1Mo-V (grade 91). For the
other ferritic alloys under consideration, extending application to these abnormal
conditions will require reevaluation of the background data used to obtain the currently
proposed allowable stresses for Subsection NH, and conduct of additional testing to
obtain sufficient data at temperatures to at least 610°C (50°C beyond the highest
envisaged abnormal temperature), reanalysis of all the data, and a proposed Code
Case to obtain inclusion for such operation with that material within the ASME Code
rules.

Experimental RPV R&D plans

A high-level summary of R&D plans and schedules for the NGNP RPV materials research
needed to meet the stated deployment time schedule is provided below.

Milestones
FY 2006

* Issue RFP to potential irradiation facility host sites, evaluate responses and
recommend site selection to DOE.

+ Perform site specific design, initiate fabrication of irradiation facility, and complete
documentation of site selection.

+ Issue draft report: Site selection and design concept for low-flux irradiation facility.
FY 2007

+ Perform comprehensive review of the potential candidate alloys, assemble, analyze,
and evaluate existing database.

+ Complete capsule design and fabrication, and specimen fabrication for irradiation in
the low-flux irradiation facility, and begin Phase | irradiations.

FY 2008

* Initiate thermal aging in air for 1000, 3000, and 10,000 hours at 500°C, followed by
short-term aging at accident temperatures, and conduct initial tests.

+ Continue Phase | low-flux irradiations of base metals, weldments and aged materials.
FY 2009

* Conduct testing of Phase | low-flux irradiated specimens.

* Initiate Phase Il low-flux irradiations of base metals and aged materials,

+ Complete testing of specimens that were aged in air up to 10,000 h at 500°C and
followed by short-term aging at accident temperatures (560°C).

FY 2010
+ Continue Phase Il low-flux irradiations of base metals and aged materials.
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Procure weldment of one potential candidate RPV material for inclusion in irradiation
program and begin fabrication of specimens.

Based on literature results, select welding techniques and processes and postweld
heat treatment schedules for subsequent evaluation, and procure welding
consumables.

Prepare report on evaluation of short-term aged tensile, hardness, creep, and
toughness behavior and microstructural stability.

FY 2011

Conduct testing of Phase Il low-flux irradiated base metal specimens.

Initiate Phase Il low-flux irradiations of commercially procured weld metal specimens.

FY 2012

Continue Phase Il low-flux irradiations of commercially procured weld metal
specimens.

Prepare one thick section weld with selected welding technique and begin fabrication
of specimens for inclusion in irradiation and thermal aging programs.

Select and procure emissivity measurement system.

Evaluate emissivity layer development techniques.

FY 2013

Conduct testing of Phase Ill low-flux irradiated weld metal specimens.
Initiate irradiation of Phase IV low-flux irradiated weld metal specimens.

Initiate long-term thermal aging study of base and weld metals for tensile, hardness,
creep, and toughness behavior and microstructural stability.

Select emissivity layer development technique that is most compatible with field
application.

Continue evaluation of aged emissivity surfaces.

FY 2014

Continue irradiation of Phase IV low-flux irradiated weld metal specimens.

Select two prime candidate base materials for more comprehensive testing, especially
as regards irradiation effects

Work with industrial company to create field applied emissivity layer. Evaluate
approaches for aging emissivity surfaces.

Initiate evaluation of aged emissivity surfaces.

FY 2015

Conduct testing of Phase IV low-flux irradiated weld metal specimens.
Initiate Phase V low-flux irradiation of prime candidate materials.

Continue long term aging studies, emissivity studies, and initiate combined loading
cycle tests in impure helium and air of primary potential candidate materials
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3.1.2.2 Metallic Reactor Internals Material Selection and Issues

The components addressed in this subsection may be classified as core supports and core
internals. Included are the core barrel, inside shroud, core support floor, and upper core
restraint. Also, the SCS shell and SCS tubes are included in this grouping. The conditions that
affect the materials selection for these components, as well as the other high temperature
components likely to be constructed from metallic alloys, are provided in Table 10. Depending
on the specific component, the normal operating temperatures will range from 600 to 1000°C.
However, the maximum temperature estimated for accident conditions ranges from 600 to
1200°C from one component to another. The maximum temperature (1200°C) is by no means
a certainty, and possibility exists that an innovative design could significantly reduce this
temperature for some components. In regard to loading, these components are not pressure
boundary components, except for the SCS tubes. In some cases, however, the weight loads
can be quite significant. The fatigue, thermal-fatigue, seismic, and other loadings that could
produce damage are largely unidentified at this time. Compatibility with the coolant gas is a
requirement for core metallic internals. In addition, radiation and thermal aging effects on
properties are important considerations in material selection. Fabrication and joining are always
factors to consider. Finally, their code status is important. Metallic core support structures must
conform to ASME Sect. lll, Div. 1, Subsect. NG. Other core internals may conform to different
rules. It is not clear whether the SCS tubes will be considered to be Class 1 or Class 2
components. At this point in time, it is best to assume that the materials of construction,
regardless of the applicable subsection, will be limited to those listed in ASME Section I, Part D,
Tables 2A, 2B, and 4. These tables cover temperatures to 370°C for ferritic alloys and 425°C
for austenitic alloys. Subsect. NH of Section Ill permits construction to higher temperatures for
a limited number of materials. These are 2 1/4Cr-1Mo steel (Class 1), 304H stainless steel,
316H stainless steel, alloy 800H, and the recently codified 9Cr-1Mo-V steel. Potential candidate
materials for the internals, as well as the other high temperature components likely to be
constructed from metallic alloys, are listed in the Table 11. These materials include alloys for
which significant databases exist and new state-of-the-art alloys which are being developed for
other high-temperature applications. Alloy 617, alloy X, and alloy XR are the leading potential
metallic candidates for service above 760°C. These alloys were chosen because they have
been developed for use in earlier gas-cooled reactor projects. However, the upper limit of these
materials is judged to be 1000°C. Any component that could experience excursions above
1000°C would have to have very high temperature capability in regard to strength and corrosion
resistance. Carbon-carbon composites are the leading near-term potential candidates, but an
ODS alloy could be an alternative for service in components that might experience temperature
excursions to 1200°C.
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Table 10a. Conditions affecting materials selection for high-temperature metallic NGNP

components.
Condition SCS Tube Core Core SCS Shell Inside Upper
Barrel Support Shroud Core
Floor Restraint
Normal 600°C 600°C 600°C 600°C 600°C 600°C
Temperature
Maximum 600°C 700°C 700°C 1200°C 1200°C 1200°C
Temperature
Loading Thermal Core Core Own Own Own
Stress, Weight Weight Weight Weight Weight
LCF/HCF
Environment Helium, Helium Helium Helium, Helium, Helium,
Issues Pressurized Off Normal Off Normal  Off Normal
water, SCC, Helium Helium Helium
Radiation Not Negligible Negligible Negligible Negligible, Negligible,
Issues significant <0.005DPA <0.005DPA <0.005DPA  Avoid Co Avoid Co
Aging Issues Some Some Some None, if CC  None, if CC None, if CC
composite composite composite
Joining Issues  Some Some Some N/A, if CC N/A, if CC N/A, if CC
composite composite composite
Manufacturing  None None None Major, if CC  Major, if CC  Major, if CC
Issues composite composite composite
Prime 316FR, 800H, 800H, CcC CcC CcC
Candidate 800H 316FR 316FR composite, compos